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Supercritical Water Cooled Reactor (SCWR), direct-cycle pressure tube reactor, 
is the Generation IV conceptual design. SCWR operates at 25 MPa and 650 ºC and offers 
significant advances of sustainable energy production, safety, and proliferation resistance. 
Under extreme conditions, traces of heavy metals could dissolve from the construction 
material and form complexes with surrounding anions and deposit within reactor, causing 
corrosion. Lead is the metal of interest because it exists as an impurity within 
construction material and causes embrittlement. It is essential to predict and control water 
chemistry to ensure the sustainability of SCWR. Pressurized and heated solutions are 
challenging for experimental research; computational method becomes a key research 
tool. Comprehensive ab initio calculations were performed on lead (II) complexes 
containing water, chloride, hydroxide and ammonia ligands. Results compare favourably 
to literature data, where available. The best candidates for corrosion products are: 
[Pb(H2O)8]
2+
; [Pb(OH)2] and [PbCl2]
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Chapter 1: Introduction 
1.1 Importance of Nuclear Reactors 
Nuclear reactors are an important source of electricity, whose efficiency and 
sustainability affects billions of lives on our planet.
1, 2, 3, 4, 5, 6, 7, 8.
 Nuclear reactors in 
Canada are used only for peaceful purposes. Nuclear reactors generate neutrons for 
neutron scattering and produce Cobalt-60 and thus play important roles in electricity 
generation, medical diagnosis and treatment, agriculture, as well as research and 
manufacturing. Cancer cells are more sensitive to radiation than healthy cells; γ-rays from 
Cobalt-60 are used to treat different forms of cancer. In agriculture, γ-rays from Cobalt-
60 increase the yield and pest resistance of staple foods, which have saved hundreds of 
millions of lives in third world countries. Furthermore, neutron scattering is used to test 
the structural integrity of critical components of airplanes, which ensures safe flights by 
reducing chances of in-flight failures.
9
 
Nuclear power is the largest non-hydro source of low carbon energy and it is 
considered to be a clean energy source. Nuclear energy offers environmental benefits by 
avoiding ~ 2.5 billion tons of CO2 emission annually. Replacing current major sources of 
electricity (burning coal, natural gas or oil) with nuclear energy would greatly benefit the 
environment by reducing global CO2 emissions by 30 % (back to 1996 levels). Hence, 
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1.2 Supercritical Water-Cooled Reactor (SCWR) 
Atomic Energy of Canada Limited (AECL) is the original developer of the 
CANDU (Canadian Deuterium Uranium) nuclear reactor. For over 60 years, AECL has 
been responsible for evolution of CANDU based nuclear reactors, starting with the very 
first 1950s and 1960s CANDU prototypes through current world-wide used nuclear 
reactors (Generation II concept of nuclear reactors), and Generation III reactors, such as 
Advanced Light Water Reactor (ALWR), that are currently starting to be employed. Both 
Generation II and III nuclear reactors are said to be safe and reliable, but the ever growing 
world population has higher needs for electricity.
10
 
 Due to the increased world energy demands coupled with alarming increase in 
global CO2 emission, US Department of Energy in 2001 started a new program called 
Generation IV Initiative, where 10 different countries including Canada (The Generation 
IV International Forum (GIF)) have proposed six innovative, efficient and economically 
sustainable concepts of Generation IV nuclear reactors.
1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 12, 13, 14.
 
The evolution of CANDU nuclear reactor concepts allows for the extension of 
current pressure tube reactor concept to a novel and improved nuclear reactor concept 
based on strategic and environmental considerations, climate change mitigation and 
sustainable energy production. The idea is to maintain the original underlying proven 
CANDU concept, originally developed by Atomic Energy of Canada Limited (AECL), 
but to enhance both design and application aiming for: better performance (increased 
thermal efficiency), increased sustainability (to be achieved by optimizing fuel usage and 
minimization of waste production), higher safety, improved economics, longer design life 
(up to 60 years) and proliferation resistance. 
1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 12, 13, 14.
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Torgerson
10
 et al. illustrate nuclear reactor evolution from the current CANDU 








Figure 1: Evolution of CANDU nuclear reactors.
10 
 
One of the most promising Generation IV nuclear reactor concepts is the Super 
Critical Water Cooled Reactor (SCWR), which is at an advanced stage of its 
development.
 
The development time frame is 2025-2060, the length of which depends on 
the quality of research and development.
 
SCWR operates at very high temperature (inlet 
temperature of 350 °C and an outlet temperature up to 650 °C) and pressure (up to 25 
MPa), which offers many advantages over current Light Water Reactor (LWR): the 
utilization of  a  single phase coolant with high enthalpy; heat transfer system is 
simplified (due to elimination of components such as pressurizer, steam generation, steam 
separation and recycle pump); direct cycle with no phase separation resulting in overall 
smaller volume system, allowing for expansion in turbines which in turn offers higher 
thermal efficiency (~45% vs. 33% of current LWR), improved economics and longer 
design life (up to 60 years, offering lower financial risk for 
investment).
1,2,3,4,5,6,7,8,10,11,12,13. 
SCWR is intended for different applications such as 
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process heat, hydrogen production, and steam applications including extraction of oil 
from oil sands, desalination with primary purpose of economic energy production. The 




17, 18, 19, 20, 21, 22,23, 24, 25, 26, 27, 28, 29, 30,31 ,32, 33. 
Figure 2: Schematic representation of Super Critical Water-Cooled Reactor11  
 
1.3 Challenges with SCWR Development 
 Super-critical water cooled reactor (SCWR) as the name implies utilizes Super 
Critical Water (SCW) as a working fluid. Super Critical Water (SCW) refers to water 
above the thermodynamic critical point, specifically above 374 ºC and 22.1 MPa (Figure 
3).
34
  SCW coolant is responsible for increased thermal efficiency within SCWR, because 
SCW is a single phase fluid with characteristics of both gas and liquid. SCW behaves as a 
dense gas, implying that any small temperature and pressure changes in super critical 
region may induce significant water property changes (density, heat capacity, dielectric 
constant, hydrogen bonding, and transport properties). At the critical point, the specific 
enthalpy of water increases significantly (20 %), dielectric constant decreases 10 fold (8 
 
  5 
vs. 80 for the subcritical region) and supercritical water becomes a non-polar solvent with 



















 Even though there are many advantages of SCWRs, because of the increased 
temperatures and pressures at which they operate, these conditions can also become a 
liability. SCW coolant can very quickly become an aggressive oxidative environment 
which may result in general corrosion of the construction material within the nuclear 
reactor. SCW is beyond the operating conditions of the current nuclear reactors and 
introduces significant challenges with respect to development of Generation IV SCWR - 
the possibility of corrosion occurring on pipes and valves of the nuclear reactor, which 
may even cause nuclear reactor leakage.
16, 20, 21.
 The long term sustainability and viability 
of the Generation IV CANDU-SCWR concept largely depends on the ability to predict 
and control water chemistry inside the reactor in order to minimize corrosion associated 
with new design.
1, 16. 
This is ultimately the goal of my research. 
 
  6 
1.4 Lead 
Lead is one of the very first metals known to humans. It is believed, that the 
oldest lead artifact is a figure made about 3000 BC. Lead was utilized for many 
ornaments and building structures through many civilisations, starting with ancient 
Egyptians.
35, 36, 37. 
Lead is a chemical element that belongs to group 14 of the periodic table. Lead 




Under normal conditions, 











 Under certain conditions lead can be found in +4 oxidation state, but +2 
oxidation state is the more common one. The +2 oxidation state is the most important in 
aqueous chemistry, hence it was utilized in my research investigation. Lead’s chemical 
and physical properties include: bluish white color, solid, very soft, highly malleable, 
ductile, poor conductor of electricity, density of 11.34 g/cm
3
, melting point of 328 °C, 










Lead is referred to as both a heavy metal and a poor metal (having melting and 
boiling point lower than those of transition metals).
37
 Lead dioxide is used in lead-acid 
storage batteries, while lead nitrate is used for production of fireworks and other 
pyrotechnics. Lead, due to its high density, is effectively used for shielding against x-rays 
and gamma radiation.
35. High density coupled with high limpness and high damping 
capacity gives lead advantages over other materials to be successfully used for deadening 
sound and for isolating equipment from mechanical vibrations. Additional uses of lead 
include structural material for building purposes, bullets, etc.
35.  
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The main limitations of lead’s use as a structural material are due to its 
susceptibility to creep. Lead deforms at very low stresses, subsequently resulting in 
stresses far below the ultimate tensile strength. However this does not completely limit 
lead from being used in construction material. Lead’s strength is increased by alloying 
lead with metals such as calcium and antimony and thus allowing it to be used for 
construction building purposes.
35.  
Lead has been manufactured for more than 600 years and it is a well-established 
toxin, however its underlying aqueous chemistry is not well researched.
21, 22. Heavy 
metals such as lead can easily damage the central nervous system, lungs, kidneys, liver 
and other vital organs, while long-term exposure may cause degenerative disorders such 
as Alzheimer's disease, Parkinson's disease and even cancer.
21
 Lead unfortunately affects 
mostly children and can cause irreversible cerebral damage in children whose mothers 
were chronically exposed to lead during pregnancy.
 
Lead is a well-established toxin, but 
its chemistry is very poorly researched on molecular level and thus requires extensive 
research. Understanding of the mechanism of lead poisoning at the molecular level is said 





will not only contribute to sustainable development of SCW nuclear 
reactor, but it will also contribute to world’s research of lead chemistry on molecular 
level. 
 
1.5 The Importance of Studying Lead with Respect to SCWR Development 
 
The proposed structural materials for Generation IV SCWR are Fe-Ni-Cr and 

























 and their hydrolysis products.
3, 
4, 17, 18, 20, 23
 Iron, nickel, chromium and zirconium are major alloy materials since their 
composition has a large influence on corrosion resistance.  
 The importance of studying lead (Pb
2+
) with respect to SCWR development is the 
fact that lead is found as an impurity within the above proposed construction material of 




are found to be major cause of the embrittlement and 
crack propagation via stress corrosion cracking.
35. Hence, lead is a very important metal 
species to investigate with respect to development of SCWR.  
At extreme temperatures and pressures (650 ºC and 25 MPa), traces of heavy 
metals such as Pb
2+
 tend to dissolve from the construction material into the Super Critical 
Water (SCW). SCW has a low density with dielectric constant 10 times lower than at 
room temperature (8 vs. 80) and acts as a non-polar solvent. Hence, SCW cannot 
successfully dissolve ions as it would otherwise in a subcritical region.
16
 Instead, lead 
forms neutral complexes with surrounding anions (hydroxide (OH
-
) and chloride (Cl
-
)), 
and water (H2O), and/or ammonia (NH3). Ammonia may be added to the reactor for pH 
adjustment, chloride from the river water via leakage of the cooling system and hydroxide 
from the feed water. The power cycle of SCWR is direct cycle with no phase separation; 
any species formed in the reactor core will be carried out of the core along with 
supercritical coolant and may deposit on the fuel or turbines resulting in corrosion of 
construction material, ultimately leading into nuclear reactor leakage.
16, 18, 22.
Experimental 
studies under extreme SCW conditions (650 ºC and 25 MPa) are challenging; 
computational methods are an excellent starting point.
16
 In Chapter 3, it will be shown 
that results regarding the coordination number of Pb (II) water complexes are 
 
  9 
contradictory and call for in-depth investigation. Formation of lead-ligand complexes is 





to obtain full control over corrosion due to lead (II) complex 
formation and their transport through SCWR requires understanding and prediction of the 
most plausible lead (II) complexes.  
1.6 Research Objectives  
 A major challenge affecting development of SCWR is the possibility of corrosion 
of construction material due to the extreme operating conditions (650 ºC and 25 MPa), 
which are beyond experience of current nuclear reactor.
15, 16, 17, 18, 19, 20
 The long term 
sustainability and viability of the Generation IV CANDU-SCWR concept largely depends 
on the ability of the operators to control its water chemistry.
1, 16.
 Hence, it is essential to 
predict and understand formation of metal-ligand complexes within supercritical water 
(SCW) before appropriate chemistry water control strategy can be designed, so that 
corrosion associated with new design can be minimized. 
 
The primary objective of this research is to perform a comprehensive ab initio 
calculations of lead (II) complexes including 4 different ligands: water (H2O), ammonia 
(NH3), hydroxide (OH
-
) and chloride (Cl
-
). The studies will include optimized molecular 
geometries, bond lengths, energetics, vibrational frequencies and Raman intensities of 
lead (II) complexes up to and including enneacoordinate species (species with nine 
binding ligands). Hence, the very first catalogue of systematically predicted lead (II) 
speciation, was obtained. The molecular geometries will be fully optimized at HF, MP2 
and B3LYP levels of theory coupled with basis sets (CEP-121G, LANL2DZ, SDD for 
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lead and 6-31G*, 6-31+G*, 6-311+G* for smaller atoms (hydrogen, oxygen, nitrogen and 
chloride)).  
Raman intensities are standard for HF calculations and therefore simulated 
Raman spectra are obtained from vibrational frequency data at HF/SDD/6-311+G*. Even 
though computational calculations are performed at zero Kelvin and gas phase, it is an 
excellent starting point since experimental research under extreme temperatures and 
pressures is currently formidable.  
Results obtained within my research will be subsequently forwarded to Dr. Peter 
Tremaine at University of Guelph, who will experimentally probe lead (II) complexes 
utilizing Raman Spectra at higher temperatures (250º - 350 ºC). Simulated Raman spectra 
obtained for a series of ab initio calculations will be utilized to assist in interpreting 
experimental Raman Spectra. Zero Kelvin, gas phase simulated Raman spectra will be 
very similar to the one obtained at very high temperatures and pressures owing to the 
anharmonicity and weaker molecular bonds at extreme temperatures and pressures.  
Ultimately, results will be forwarded to the engineers involved with the design of 
the SCWR, which will decide on an appropriate chemistry water control strategy for 
SCWR concept, including suitable chemical additives, optimum concentrations, and the 
maximum concentration of impurities that can be tolerated in the feed water at the core 
inlet. 
The short term expected outcome of this research is: 





ultimately gaining the systematic understanding and control of SCWR chemistry. 
(ii) to design experiments for basic research on SCW systems. 
 
  11 
The long term expected outcome of this research is: 
(i)      the leadership in manufacturing technology if SCWR is developed in Canada;  
(ii)      world energy savings associated with 45 % thermal efficiency, longer design life  
(up to 60 years; lower financial risk for investment); and co-generation of hydrogen as an 
industrial feedstock and fuel to reduce greenhouse gas emission.
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Chapter 2: Computational Methods 
2.1 Theoretical Background 
2.1.1 Classical Mechanics vs. Quantum Mechanics 
Classical mechanics was discovered by Isaac Newton in the late seventeenth 
century, who postulated the equation of motion of the particle called Newton’s second 
law: 




where F is the force acting on the particle, m is the mass of the particle and a is the 
acceleration, the second derivative of position of particle (x) with respect to time (t).  
Classical mechanics appeared to be very successful in describing motions of 
macroscopic objects (large visible objects). However, towards the end of the nineteenth 
century, a series of experiments showed that classical mechanics failed when applied to 
microscopic particles (atomic and subatomic particles).
38
 The experimental evidence that 
influenced scientists to search for brand new set of laws that will successfully describe 
behavior of small particles include black body radiation, low-temperature heat capacities 
and atomic and molecular spectra.
38 
In the late 1800s, scientists were probing the intensity 
of light emitted by a heated blackbody as function of frequency (ν) at constant 
temperature (T). Blackbody refers to an object that absorbs all the light that falls on it. 
Scientist found that classical mechanics failed to describe behavior of black body 
radiation.
38. 
It is the German physicist Max Planck, who in 1900 developed a theory that 
accounted for experimental observations of blackbody radiation by proposing that the 
energy of each electromagnetic oscillator is limited to discrete values and is not 
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continuous as initially believed by classical mechanics. That is, blackbody can emit 
energy only in discrete amounts (hν), meaning the emission is quantized, where, h is 
Planck’s constant (h= 6.6 x10
-34
 Js) and ν is a frequency of radiation. Hence, Planck’s 




The photoelectric effect was the second application of energy quantization. 
Emission of electrons from the metal surface due to radiation is called photoelectric 
effect. By classical mechanics, it was expected that the kinetic energy of the emitted 
photoelectron would increase with increased intensity of the light and be independent of 
its frequency. However, results showed complete opposite, the kinetic energy of the 
emitted photoelectron increased proportionally with frequency of the light while being 
independent of the light’s intensity.
38. 
In 1905, Albert Einstein supported Planck’s 
hypothesis by regarding light as composed of particle like entities called photons, where 





Einstein’s explanation of the photoelectric effect showed that light can be treated as both 
a wave and a particle, which was definitely a major breakthrough in physics for that 
time.
38.
 Albert Einstein was awarded The Nobel Prize in Physics in 1921 for his 




In 1892, the French physicists Pierre-Louis Dulong and Alexis Thérèse Petit 
proposed a thermodynamic rule called Dulong- Petit Law. This thermodynamic law states 
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However, the Dulong- Petit Law was based on relatively limited experimental evidence 
of heat capacities for monoatomic solids. Heat Capacity (C) is the quantity of the heat (q) 
used to change the temperature (T) of a substance by a given amount. According to 
Classical Mechanics, this constant volume molar heat capacity (Cv) of a monoatomic 
metal is equal to 3R. This was definitely true for high temperature experiments. Once 
technology advanced enough for experiments to be carried at low temperature, the 
classical mechanical approach failed, resulting in heat capacities lower than 3R, 
furthermore as temperature approached zero heat capacities approached zero.
39. 
In order 
to account for the decrease of heat capacity at low temperatures, Einstein back in 1905 
has assumed that each atom oscillates about its equilibrium position with single frequency 
(ν) with energy with discrete values (nhν), thus deriving the Einstein formula
39
:  
Equation 3: 𝐶𝑣,𝑚 = 3𝑅𝑓








where the Einstein temperature,𝜃𝐸 =  ℎ𝜈 𝑘⁄  which describes a high frequency 
corresponding to a high Einstein temperature. At higher temperatures (when T» θE), the 





1+ 𝜃𝐸 2𝑇+⋯ ⁄
(1+ 𝜃𝐸 𝑇+⋯ )−1⁄
} ≈ 1 . As a result, at high temperatures the classical 
result for heat capacity was obtained (CV,m= 3R). However, at low temperatures (when T 
« θE), the following equation was obtained: 
Equation 5: 𝑓 =  
𝜃𝐸
𝑇
 𝑒−𝜃𝐸 2𝑇⁄ . Hence, 𝑓 approaches zero as temperature (T) approaches 
zero, consequently accounting for heat capacity decreasing in value at lower temperature. 
At physical level, at low temperatures only few oscillators contain sufficient energy to 
oscillate, while at high temperatures all oscillators oscillate sufficiently due to the higher 
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level of energy and thus approach classical result of 3R. Furthermore, the temperature 
dependence of heat capacity based on Einstein’s theory was plotted. The plot was 
satisfactory, but the numerical agreement was poor, which was is turn attributed to the 
fact that Einstein assumed that all the atoms oscillate with the same frequency, whereas in 
reality they oscillate over the wide range of frequencies (from zero to a maximum value, 
νD). Debye improved on Einstein’s theory by averaging over all frequencies present. This 
final correction of heat capacity at low temperature is also known as the Debye formula
39
: 











where 𝜃𝐷 = ℎ𝜈𝐷/𝑘 is the Debye temperature. Equation 6 gives better agreement with 
experimental values of heat capacities of solids at lower temperatures and underlines the 
fact that the quantization must be taken into account in order to sufficiently describe the 
thermal properties of metals.
39
 
In 1913, Neils Bohr
38
 applied the concept of quantization of energy to the 
hydrogen atom, assuming that energy of the electron is quantized and that an electron 
moves strictly on one out of many circular paths around the nucleus. When an electron 
undergoes transition from one energy level to another, then a photon of light is absorbed 
or emitted. Frequency of the photon of light is described with following equation: 
Equation 7: Eupper- Elower= hν.
38 
 
Bohr derived a formula for the hydrogen-atom energy levels and using above formula 
obtained agreement with hydrogen spectrum, but failed when applied to helium spectrum. 
The major difficulty arose from the fact that Bohr used classical mechanical approach to 
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In 1923, Louis de Broglie
38
 proposed that electron motion may have wavelength 
aspect to it. That is, electron of the mass m and velocity v would be related to the 
wavelength (λ) so that: 
Equation 8: λ=h/(mv)=h/p,  
where h is Planck’s constant and p is linear momentum.
38.
 Therefore, De Broglie’s 
breakthrough in quantum mechanics was that not only the light (electromagnetic 
radiation), but also electrons and all other particles can have both particle like and wave 
like properties. Matter’s ability to behave as both wave and a particle is defined as wave-
particle duality. This quantum mechanics breakthrough was an important stepping stone 
in evolution of physics.
38.
 
The fundamental difference between classical mechanics and quantum mechanics 
is that in classical mechanics the state of the dynamic system is fully specified by the 
position (x) and velocity (v), meaning that position and velocity of a particle can be 
exactly determined at each instant of time (t). Based on knowledge of the initial state of 
classical mechanical system, the final state can be fully determined. This leads to a 
conclusion that classical mechanics is deterministic in nature.
41
  
In quantum mechanics, the Heisenberg uncertainty principle states that we cannot 
determine position and momentum of the microscopic particle at the same time. That is, if 
the position of the particle is known, then the momentum of the same particle is 
uncertain. According to quantum mechanics, the state of the system on microscopic scale 
is not characterized by specific position (x) and velocities (v) like it was case in classical 
mechanics. Instead, in quantum mechanics, state of dynamic system (for microscopic 
particles) is completely specified by state function. This state function is also known as a 
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wavefunction of the particle, denoted by Greek letter Ψ, because even though it is 
supposed to describe state of the particle it also has wavelike properties.
41. 
According to 
quantum mechanics, measurements of the position of the particle will not yield particular 
value of x. Instead, based on initial knowledge that the particle is in the state Ψ, the most 
precise calculation of the position of the particle is the probability of finding the particle 
in the range from x and x+dx in any measurement of the position of the particle. The 




 That is, if it 
is certain that there is one single particle in the spatial range between x=0 and x=L, then 
the probability distribution function |Ψ(x)|
2 
must be equal to 1, which in turn means that 
the wavefunction has been normalized:
 
Equation 9: ∫ Ψ(x)
L
0




 In quantum mechanics, results can be obtained in terms of an average values also 
known as an expectation value. For example <x>Ψ is expectation value of the position (x) 
of the particle in the state Ψ and it is given by: 
Equation 10:  <x>Ψ= ∫ Ψ∗(x)
L
0







 In conclusion, the major distinction between classical mechanics (CM) and 
Quantum Mechanics (QM) is that Classical Mechanics is “deterministic” (meaning it 
gives precise results to the equation of motion of macroscopic particles), while Quantum 
Mechanics is “statistical” or “probabilistic” in nature (gives no precise results, instead 
gives probability of finding the microscopic particles in the space).
41.
 
The fundamental equation in quantum mechanics used for finding the 
wavefunction for any system was proposed in 1926 by Austrian physicist Erwin 
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Schrödinger.
39.
In general, the time-independent Schrödinger equation can be written in 
condensed form: 
Equation 11: ĤΨ=EΨ 
39.
 
Ĥ is Hamiltonian operator, Ψ is an eigenfunction (wavefunction corresponding to 
the energy E) and E is the eigenvalue of the Hamiltonian.
39. 
The time-independent Schrödinger equation for a single particle moving in 1-D 








The time-independent equation as the name implies is only used when there is no 
time dependence and describes stationary states. The time-independent Schrödinger 
equation predicts that wavefunctions can form stationary states or standing waves, also 
known as atomic and molecular orbitals (MO). 
38, 39, 41
  
In general, Hamiltonian operator is the total energy of the system. It is the sum of 
the kinetic energy operator and the potential energy operator, just as it was the case in 
Classical Mechanics.  











 is equal to kinetic energy operator of the system and ?̂?(𝑥) is the potential 
energy operator of the system.
39.
 
In case of time-independent Schrödinger equation, Hamiltonian is the operator, 
which “operates” on certain wavefunction (Ψ, where Ψ is a stationary state) resulting in 
the same wavefunction and constant Energy (E). That is: 
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Equation 14: (operator) (function) = (constant factor) (same function).
39. 
Hamiltonian operator (Ĥ) or total energy (Etot) of the system is said to play 
important role in the Schrödinger equation which deals with dynamics of quantum 
system. The state of the dynamic system in quantum mechanics is fully specified by the 
wavefunction (Ψ), therefore in order to predict how Ψ changes with time only first 






Therefore, the time-dependent Schrödinger equation describes how a state 
function (wavefunction) change with time and it is proportional to the Hamiltonian 




= Ĥ Ψ(x, t)
 41
,  
where i is the imaginary unit, the symbol (𝜕 𝜕𝑡⁄ ) is partial derivative with respect to time, 
ћ is h/2π (where h is a Planck’s constant), and Ĥ is Hamiltonian operator (giving total 
energy of any given wavefunction).
41.
 
Hence, for the one-particle, 1-D system, time dependent Schrödinger equation can 









+ V̂(x)] Ψ(x,t) .41 
For the 3- D systems involving x, y and z coordinates above time-dependent equation is 
written as: 
 
















) + V̂(x,y,z)] Ψ(x,y,z,t) .41 







∇2 + V̂(x,y,z)] Ψ(x,y,z,t) .41. 









). 38, 39, 41. 
Hence, the solution to the Schrödinger equation is a wavefunction (Ψ), which fully 
describes the dynamics of the system.
38, 39, 41. 
The Schrödinger equation and its solutions presented a breakthrough in physics 
because it was the very first equation describing dynamic system in quantum 
mechanics.
38, 39, 41
 The Schrödinger equation predicts that if certain properties of a system 
are measured then only discrete values can be obtained, meaning that results are 
quantized.
 38, 39, 41.
 This is very important breakthrough in quantum mechanics and 
signifies important distinction between classical mechanics and quantum mechanics.
39.
 
A significant difference between classical mechanics and quantum mechanics is 
the fact that quantum mechanics involves only 1
st
 time derivative (𝜕𝛹 𝜕𝑡)⁄ , while 






 This in turn 
directly influences how the state of dynamic system is specified in classical mechanics 
and quantum mechanics. This also leads to a significant distinction between classical 
mechanics (CM) and quantum mechanics (QM), where in CM action on the system 
within the equation of the motion (Newton’s 2
nd
. law) is Force (F), while in QM action on 
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Schrödinger equation in quantum mechanics is said to be analogous to the classical 
Newton’s 2
nd
 law equation and it is a key postulate in quantum mechanics that opened 
doors to a totally new way of dealing with problems in mechanics on atomic and 
subatomic level.
41.
 Since in quantum mechanics, wavefunction fully describes the state of 
the system, therefore the time dependent wavefunction Ψ (x, t) contains all the 
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2.1.2 Computational Chemistry: Born-Oppenheimer Approximation 
 
Computational chemistry is based on quantum mechanics and it is utilized to 
complement experimental studies, as well to calculate molecular properties of the systems 
that are too expensive to purchase or difficult to find. Obtained calculations give valuable 
information regarding: geometry optimizations, frequency calculations, transition 
structures, electron and charge distribution and similar.
42
. 
An exact solution of the Schrödinger equation for hydrogen atom (consisting of 
one electron) can be obtained. However, the Schrödinger equation for atoms with more 
than one electron and/or for molecules cannot be exactly solved, because of the 
interelectronic repulsions involved. That is, interelectronic repulsion term within the 
Schrödinger equation for many electron systems and molecules is not separable and 
therefore exact solution is not possible.
38, 43.
 
The Schrödinger equation for molecules containing several atomic nuclei is 
overwhelming and requires alternative method to simplify such complicated equation. 




The Born-Oppenheimer approximation was proposed in 1927 by J. Robert 
Oppenheimer and his graduate supervisor Max Born at that time. The key element that 
made the Born-Oppenheimer approximation successful is the fact that nuclei are much 
heavier in mass than electrons (mn>>me) and therefore nuclei move much slower than 
electrons, hence nuclei motion can be ignored.
38.
 Consequently, nuclei are treated as 
being fixed while motions of electrons are evaluated through the electron Schrödinger 
equation.
39.
 According to Born-Oppenheimer approximation, the molecular Schrödinger 
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equation can be decoupled into two equations: the Schrödinger equation for electronic 
motion (where nuclear kinetic term is omitted) and Schrödinger equation for nuclear 
motion (rotational and vibrational motions).
38, 39, 41
 Therefore the wavefunction for the 
molecule becomes: 
Equation 19: Ψmolecule= Ψelectron x Ψnuclei.
43.
 




























, where α and β refer to nuclei, while i and j refer to two separate electrons.  







2 ) is operator for the kinetic energy of the nuclei.  





𝑖 ) is the operator for the kinetic energy of the electrons. 




𝛽>𝛼𝛼 ) is the potential energy for the repulsion between α and β 
nuclei. 




𝑖𝛼 ) is the potential energy of the attraction between i electron 
and α nucleus.  
The very last term (∑ ∑ 𝑒
′2
𝑟𝑖𝑗
𝑗>𝑖𝑗 ) is the potential energy of the repulsion between i and j 
electrons. 
Hence, the sum of above 5 terms is equal to the molecular Hamiltonian operator (Ĥ).
38, 45.
 
Furthermore, electronic wave equation can be extracted and calculated by assuming that 
nuclei are being fixed. In this case, the very first term, kinetic energy of the nuclei is 
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2 ) = 0). Hence, Resulting electronic 
Schrödinger equation is expressed as: 













iα  + ∑ ∑
e′2
rij
j>ij ) Ψe= EeΨe.
38,45.
 
Here, the energy Ee refers to the electronic energy which includes internuclear repulsion, 
where internuclear distances rαβ are fixed at constant value.
38.
 
The electronic wave equation describes properties of electrons such as motion, 
position and corresponding energies (while nuclei are held fixed).
38, 39, 51
 Once the 
electronic Schrödinger equation is solved, then nuclear motion is considered. As 
mentioned earlier, nuclei move much slower than electrons and therefore slight change in 
nuclei configuration (from 𝑞𝛼  
′ 𝑡𝑜 𝑞𝛼
′′) causes electrons to instantly adjust to the change, so 
that electronic wavefunction changes (from Ψ (𝑞𝑖  
. 𝑞𝛼  
′ ) 𝑡𝑜 Ψ (𝑞𝑖  
. 𝑞𝛼  
′′ ) ) as well electronic 
energy will change according to a new configuration (from U (𝑞𝛼
′ ) to U (𝑞𝛼
′′)).
45.
 Here, qi 
and qα symbolize the electronic and nuclear coordinates, respectively.
43.
 Furthermore, the 








2  + U (qα)) ΨN= EΨN.
38, 45. 
The nuclear coordinates qα are variable in the nuclear Schrödinger equation, 
although E is a constant. Therefore, the nuclear Schrödinger equation describes the 
motion, position and energies associated with translational, rotational and vibrational 
motions of the nuclei.
45.
 
The principle of Born-Oppenheimer can be utilized to obtain bond distances 
between atoms. By selecting specific internuclear distance in diatomic molecule, the 
Schrödinger equation for the electrons can be solved, thus energy of the molecule with 
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respect to bond distance can be determined. Then different separation distance between 
two nuclei can be chosen thus repeating calculations, which in turn allows for 
determination how the energy of the molecule changes with bond distances.
39.
 
The Born-Oppenheimer approximation is very successful for ground state 
molecules, implying that it introduces only a small error for the ground electronic state of 




The potential energy of the surface (PES) describes the relationship between the 
energy (E) of the molecule and its geometry. It is considered to be an important concept 
in computational chemistry. Born-Oppenheimer is considered as a cornerstone of a 
computational chemistry, because it includes concept of the potential energy surface 
(PES) and makes concept of molecular geometry meaningful.
38, 39, 40.
 
In conclusion, Born-Oppenheimer approximation simplifies rather formidable 
molecular Schrödinger equation by allowing for solving both electronic Schrödinger 
equation (which gives electronic wavefunction and electronic energy) and the nuclear 
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2.1.3 Theory and Importance of Ab Initio Calculations 
Computational methods, such as ab initio (Latin for “from the beginning”) is 
based on quantum mechanics and utilizes Schrödinger equation to obtain detailed 
information about molecular structures (optimized molecular geometries and energetics 
associated of the system, vibrational frequencies).
 47.
 
 The wavefunction (Ψ) describes the behavior of the electrons, atoms and 
molecules. The exact solutions are available for simple cases, such as particle in the box, 
rigid rotor, hydrogen atom, while for many-electron atoms only approximation can be 
given. Ab Initio Computational method, also known as non-empirical method, uses well 
defined approximations such as Born-Oppenheimer approximation to solve complex 
molecular Schrodinger equation. This means that electronic and nuclear Schrodinger 
equations are separated and solved accordingly making calculations much simpler. Also, 
using the same approximation, electronic energies can be calculated at different 
internuclear distances.
47, 48. 
Hence, the ab initio method does not necessarily infer 




The main goal of the quantum chemistry ab initio calculations is to solve the 
Schrödinger equation which will in turn give information regarding optimized molecular 
geometries, bond angles, bond lengths and vibrational frequencies.
47.
 
Quantum mechanics was in the past, a subject for experts only, while today’s 
advanced computer software and hardware allows anyone to be able to perform 
sophisticated calculations using ab initio calculations.
48.
 Researchers utilize electronic 
structure method to predict molecular structure as well as physiochemical properties of 
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the system. Modern quantum chemistry software is user friendly and no longer depends 
on detailed knowledge of the quantum mechanics.
48.
Quantum mechanical calculations, ab 
initio methods, were in the past only possible for very small molecules, but with 
beginning of 21
st
 century, computational calculations are made possible for molecules 
involved in biological processes (systems involving 50-100 molecules).
48.
 Hence, the 
availability of advanced computers has allowed Schrodinger equation of many-electron 
systems to be solved to high levels of approximation and to be in excellent agreement 
with results obtained through experimental studies. Hence, computational chemistry 
nicely complements experimental studies such as (NMR, IR, X-ray crystallography).
48.
 
For example, X-ray crystallography reveals molecular crystal structures, which is in fact 
difficult for computational calculations since it requires interaction potentials. However, 
computational methods such as ab initio calculations add valuable information regarding 





 introduces experimental methods of solid investigation such as NMR 
spectroscopy and STM (scanning tunneling microscopy). Even though these experimental 
studies were useful investigation tools, they were unable to answer questions regarding 
the geometry of the molecular structure or what is nature of the bond between given 
atoms. Quantum mechanical ab initio method was found to be important research tool 
since it gives answers to questions regarding molecular geometry and energetics of the 
given molecular system.
46.
 Hence, ab initio calculations as well as supercomputers are 
expected to become essential research tool for biological systems in the near future, 
implying that even computational methods can provide realistic experimental settings 
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involving liquid systems at room temperatures (since liquid environment is naturally 
occurring for biological systems.)
48.
 
2.1.4 Hartree-Fock Method (HF) 
The Hartree-Fock (HF) method is the simplest ab initio method of calculations, 
zero-order approximation wavefunction, which was first introduced by Hartree in 1928.
49
 
It provides a very well defined stepping stone to more sophisticated levels of theories, 
which come close to the solution of the Schrödinger equation.
41, 46, 48.
 
The optimized electronic molecular geometries and its corresponding energies are 
obtained by solving electronic Schrödinger equation (Equation 17). However, due to the 
electron-electron interaction term within the Hamiltonian operator, this equation can be 
solved only by introducing large approximation.
45
 The goal of computational chemistry is 
to find appropriate approximation methods and to test their validity. HF method is 
considered to be the most basic approximation method, because it views motion of the 
electron around the static nucleus as an averaged potential of all electrons within the 
given molecular system. That is, it replaces repulsion between individual electrons by 
interaction of each electron with the average charge distribution due to the rest of the 
electrons. Hartree-Fock calculations (HF) calculations are successful for determining 
molecular geometries, bonds and angles, which takes into account Coulombic electron-
electron repulsion by integrating repulsion term. 
49
 HF method decouples the many-
electron Schrödinger equation into many single-electron equations. Hence, each one 
electron equation is much simpler to be solved and results in single-electron wavefunction 
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When solving Schrödinger equation, electrons must be indistinguishable and must obey 
the Pauli Exclusion Principle, where all electronic wavefunctions must be antisymmteric 
with respect to interchange of two electrons. The Pauli Exclusion Principle states that no 
two electrons with the atom can have the same four electronic quantum numbers (n, l, ml 
and ms quantum number). Also, each orbital can contain maximum of two electrons with 
two different spins. For example if one electron has spin up (α= +1/2), then 2
nd
 electron 
must have opposite spin or spin down where (β=-1/2). 
50.
 
 The HF approximation assumes that an N particle wavefunction (Ψ (r)) is a 
product of single-electron wavefunctions (ψ (r)), which are antisymmetric with respect to 
each other. This HF approximation is presented in following Slater determinant for n 
electron system (Equation 19), which is described as an antisymmeterized linear 
combination of products of N one-electron wave functions.
50. 




ψ1α(1) ψ1β(1) ⋯ ψNα(1) ψNβ(1)
ψ1α(2) ψ1β(2) ⋯ ψNα(2) ψNβ(2)
⋮ ⋮ ⋱ ⋮ ⋮
ψ1α(2N) ψ1β(2N) ⋯ ψNα(2N) ψNα(2N)
| 
Here, 2N is number of electrons in the closed shell system, in which wavefunction are 
represented by N doubly occupied spatial orbitals. Each of 2N electrons can have α (+1/2) 
or β (-1/2) spin orbitals. Molecular orbital is linear combination of atomic orbitals, where 
electrons are placed in each orbital, but these electrons are indistinguishable, because 
there is no way of knowing which electron is which. When two electrons are interchanged 
it is equivalent to switching two columns or rows of determinant, which in turn changes 
the sign of the determinant. This in turn satisfies antisymmetric property of the 
determinant. Also, if two electrons occupy the same orbital with same spin orbital, there 
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The Born-Oppenheimer approximation, ignores the nucleus-nucleus repulsion potential 
energy term (otherwise present in the Hamiltonian operator for a 2N electron molecule) 
can be ignored since they are constant for given molecular geometry. The energy term 
presented using Dirac notation is given in  
Equation 24:        E = ⟨Ψ(1,2, … ,2N)|Ĥ|Ψ(1,2, … ,2N⟩, 
Which can also be written as following: 
Equation 25: E= 2 ∑ Ij 
N




i=1 - Kij), 
Where, 









A ) ψj (rj ) 





 ψi  (r1) ψj  (r2) 





 ψi  (r2) ψj  (r1) 
Here, Ij is the electronic energy of single electron moving under attraction of the nucleus. 
On the other hand, Jij term represents Coulomb integral that represents electrostatic 
repulsion between an electron in orbital Ψi and electron in orbital Ψj. The very last term, 
Kij represents exchange integrals, which differs in exchange of electrons.
50.
 
 The variational principle
51
 states that using any trial wavefunction other than 
ground-state wavefunction will result in an energy that is greater than the ground state 
energy. Hence, if the trial wavefunction depends on the variational parameters, it implies 
that corresponding energy will also depend on the very same variational parameters. 
Hence, the variational principle allows the energy for trial wavefunctions to be minimized 
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with respect to each of the variational parameters and ultimately approach the ground-
state energy.
 
When the variational principle is applied to the Slater determinant, the 
resulting equation is: 
Equation 29: F̂ (r1) ψ (r1)= εi Ψi (r1) 
Here, ?̂? (r) is the Fock operator that operates on the wavefunction 𝜓 (𝑟1), which in turn 
gives the same wavefunction and eigenvalue (𝜀𝑖 ) called Hartree-Fock orbital energy. 
The Fock operator is represented in following equation: 







 + ∑ [2Jĵ
N
j  (r1) - K ĵ (r1) 
Where 𝐽?̂? (𝑟1) and K ĵ are the Coulombic and exchange operators given by following 
equation: 




 ψj (r2) 




 ψj (r2) 
The HF wavefunction does not solve exactly Schrödinger time independent 
equation, instead it approximates many electron problem to effective one electron 
quantum mechanical problem by utilization of Fock equation (Equation 30). 
Hence, the HF method’s major deficiency is the fact that it treats each electron as 
moving under influence of average effect of all other electrons, meaning that probability 
of finding one electron is independent of the position of the other electron. The HF 
method is known as the model of the independent particle due to its lack of correlation 
function.
53.
 Therefore limitation of the given HF calculation method is the lack of the 
electron correlation between electrons of opposite spins, which induces systematic error 
in HF calculation (the calculated energies are too high). Correlation energy, denoted by 
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Ecorr, is the energy difference between the exact energy and Hartree-Fock energy.
52
 
Hence, when the HF limit is achieved, then the error associated with the HF 
approximation for the given system is determined by the difference between HF limit 
energy (EHF) and exact energy (E). This energy difference is called correlation energy 
(Ecorr) and it is given in the following equation: 
Equation 33: Ecorr=E- EHF, 
where E is the actual energy of the system and EHF is the energy of the system in the HF 
limit.
42,52.
 Even though energies obtained utilizing HF method are systematically high, 




Neglect of electron correlation has profound effects with regards of determining 
accurate wavefunctions and molecular properties that are determined from them such as: 
metal-ligand and the hydrogen bonds are not balanced correctly, there is a preference for 
the higher coordination number, and too long bond distances might be obtained for in 
complexes with low oxidation numbers.
42, 53. 
2.1.5 Self-Consistent Field (SCF) 
 The Hartree-Fock method is also known as the self-consistent field (SCF) 
approximation, because it utilizes a self-consistent procedure to obtain HF orbital energy 
and optimized geometries based on information within the wavefunction (Equation 29). 
An initial guess is made with aim to evaluate the Coulomb operator (𝐽?̂? given in Equation 
31) as well as the exchange operator (𝐾?̂? given in Equation 32), which are subsequently 
used to evaluate the Fock operator (?̂?  given in Equation 30). Once Fock operator is 
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obtained, the HF equation (equation 29) is evaluated in order to obtain new set of 
wavefunctions (orbitals), which are further more used to obtain new Coulomb and the 
exchange operator. This process is repeated until the values of energies and orbitals 
(wavefunctions) have converged, meaning resulting parameters are self consistent 
(constant) values from each iteration process to another. This iterative process of 




2.1.6 Møller-Plesset Perturbation Theory (MP2) 
The second order Møller-Plesset perturbation theory (MP2) is usually the very 
first correlation method applied when calculating energies for the new system. As the 
name implies, MP2 performs perturbation on molecular system initially treated with HF 
method, which was first introduced by Møller and Plesset in 1934.
54
 It was not until 1975, 
when Binkley and Pople have put MP2 into practice as a computational method of 
investigating molecular geometries and their corresponding energies.
55
 
MP2 method accounts more effectively for interelectronic repulsion than HF 
method does, by making minor corrections to HF method in terms of molecular 
geometries, molecular properties, and ionization energies.
47.
 Hence, since HF method is 
also known as self-consistent field (SCF) approximation, the MP2 method is 
consequently called a post- SCF approximation. The MP2 method of approximation, 
unlike the HF method, accounts for electron correlation. The wave functions within MP2 
method are “correlated”, which  means that motion of electrons depends on the electron 
 
  34 
repulsion between each electron, hence Columbic repulsions between each electron is 
taken into the account during calculations.
47, 50.
 
The electron correlation problem within MP2 method of approximation is treated 
as an perturbation theory in Schrödinger equation and it is represented as follows: 
Equation 34: Ĥ= Ĥ0 + λ Ĥ1, 
where ?̂?0 is the unperturbed Hamiltonian operator and ?̂?1 is the perturbation performed 
on the molecular system (perturbed Hamiltonian operator) and 𝜆 is order of perturbation.  
Furthermore, the wavefunction is corrected as well and it consists of the 
eigenfuncntion (Ψ) of the unperturbed Hamiltonian operator (?̂?0) plus series of correction 
terms (Equation 35). 















The first order perturbation to the one- electron Hamiltonian is Hartree-Fock (HF) 
approach. However, higher order of correction increases electron correlation. These 
higher corrections are labeled by MP abbreviations followed by the numbers 1, 2, 3, 4 
which in turn indicates where perturbation-theory expansion is stopped.
47 
Hence, the MP2 
Energy term can be expressed as indicated in following equation.
 
Equation 37: EMP2= EHF + E
(2) 
The energy correction (E
(2)
) is given by following equation: 
 








(0)s≠0   , 
Here: 𝜓𝑠
0 is the unperturbed wavefunction, 𝜙0 is the HF wavefunction, E0 is the zero-
order MP2 energy and 𝐸𝑆
(0) 
is the correlated energy. On the other hand, Ĥ(1) is the 




The advantage of post SCF computational methods over HF method is that they 
improve the accurate description of the molecular system (more accurate representation 
of molecular geometry and energetics) as well as reliable thermodynamics associated 
with particular molecular system.
56
  This higher accuracy of MP2 method is attributed to 
correlation function. When compared to experimental results, MP2 has very close results 
to experimentally obtained data, while HF method gives larger errors.
45, 50.
 
A disadvantage regarding MP2 method of approximation is the fact that this 
method is more expensive than HF method. However, computer technology is evolving 
rapidly, which will in turn make MP2 method cheaper. Another disadvantage regarding 
MP2 method is the fact that it does not involve variational perturbation as it was case in 
HF method. Hence, MP2 method may give resulting energy that may be even lower than 
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2.1.6 Density Functional Theory (DFT) 
Density functional theory (DFT) was created by Hohenberg and Kohn in the 
1964.
57
 Hohenberg and Kohn were the first one to show that the ground state electronic 
energy (E0) of the many-electron system is functional of electron density (E0[ρ]), and that 
minimal energy is obtained by solving single-particle equation with an effective 
“exchange-correlation” potential.
47,49.
 Authors regard Thomas-Fermi method and Hartree-
Fock method to be a predecessor of Density Functional Theory. DFT method takes into 
account that the ground-state electronic energy is completely determined by electron 
density (ρ). Hence, the energy of the molecular system depend on the electron density and 




Equation 39: E0= E0 [ρ0] 
Here, square brackets indicate a functional relationship between the energy and density. 
In mathematics, functional denotes the function of a function. Hence, in DFT method of 
calculations, functional is the function of electron density (ρ), which is in turn the 
function of coordinates in real space (ρ (x, y, z)). This electron density (ρ) can be 
measured by electron diffraction or X-ray diffraction.
45. 
 Hohenberg and Kohn have shown that electronic energy (E) of the many-
electron system is variational for any trial electron density (ρ), so that E0 and q0 are exact 
quantities (as indicated in following equation). 
 Equation 40: E0= E0 [ρ0] ≤ E [ρ], 
Since 1960’s, DFT methods have been utilized in research that involves probing 
electronic structures of solids, while since 1990’s have become progressively used in 
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molecular calculations.
52.  
It is said that DFT method started evolving within the 
computational chemistry since 1980’s. It is presented as a method that complements 
results obtained from experimental studies such as NMR, ESR and UV spectra. DFT 
method of calculation is specifically used to determine optimized geometrical structures, 
force fields, frequencies, activation barriers, dipole moments and one electron properties. 
DFT computational method is used to calculate molecular structures and thermochemical 
data that was once limited to HF method and post-HF method of calculations.
58.
 The main 
advantage of DFT method is that obtains greater accuracy results than HF method at only 
slighter higher cost than HF method, while still cheaper than MP2 method for medium 
and larger molecular systems. Also, it can be utilized for large biological systems and is 
much faster calculation than it would be otherwise done with HF and MP2 calculations.
50 
These advantages are attributed to the effects of electron correlation, which is computed 
via functional of electron density. DFT functional partitions the electronic energy into 
several components, which are in turn computed separately: the kinetic energy term, 
potential energy term involving electron-nuclear interactions, potential energy term and 
involving electron-electron potential (as presented in following equation). 
Equation 41: E= 〈T[ρ0]〉 + 〈VNe[ρ0]〉 + 〈Vee[ρ0]〉  
Here, angle brackets denote quantum-mechanical average value. The kinetic energy term, 
arising from the motion of electrons, is presented in terms of one-electron orbitals (𝜙). 
Hence, electron density can be expressed as following: 





The electron-electron repulsion term can be further decoupled into Coulomb self- 
interaction of the electron density (J [𝜌]) and exchange-correlational term (EXC [𝜌]) which 
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contains remaining part of the electron-electron interaction. Therefore, DFT energy term 
can be written as presented in following equation: 
Equation 43: EDFT= Ts [𝜌]+ VNe [𝜌] + J [𝜌] + EXC [𝜌] 
The traditional functional of DFT method are BLYP which stand for Becke, Lee, 
Yang and Parr. Becke (B) refers to exchange functional, while LYP refers to correlation 
functional. The hybrid density functional available in Gaussian program is B3LYP, where 
B3 refers to Becke’s three parameter exchange functional.
48, 50.
 B3LYP is exactly the 
hybrid density functional that will be used within my research study. DFT method is said 
to be much more accurate than both HF and MP2 methods. 
47, 48.
 
Computational ab initio studies performed on water utilizing different levels of 
theory (HF, MP2 and DFT) at with different basis sets, concluded that electron 
correlation methods such as B3LYP and MP2 give closer result to experimental results 
than HF did. Closeness to experimental results was attributed to the electron correlation in 
MP2 and DFT computational methods.
 47, 48.
 
The weakness of DFT is that it depends on adequate knowledge of the exchange 
correlation energy functional and currently there is no known systematic way to achieve 
an arbitrarily high level of accuracy. The exchange-correlation potentials can be 
confidently determined when an accurate electron density is known.
38.
 Hence, Kohn et al. 
59  
suggest that further research is necessary regarding the various unknown-exchange–
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2.1.7 Geometry Optimization 
 Geometry optimization involves a mathematical procedure called nonlinear 
optimization involving different algorithms. An initial guess of molecular structure is 
given within the input, in terms of internal coordinates called z-matrix, where all atoms 
involved in bonding are specified, bond distances, alpha (inter-bond angle) and beta 
angles (dihedral angle). The wavefunction and energy are computed for the initial guess 
of the geometry. Here, bond lengths and angles are varied until the energy is decreased 
sufficiently reaching energy minima. The optimized geometry is obtained by an iterative 
process, where integrals are recalculated, repeating energy calculations and looping 
through SCF calculations of energy until an energy minimum has been identified and 
where forces within the molecule are sufficiently close to zero. Once geometry is 
optimized fully, output contains such as bond lengths, bond angles, vibrational spectrum 
(IR, Raman, NMR spectrum, etc.). 
2.1.8 Importance of Choosing Appropriate Ab Initio Method 
Rotzinger
53
 emphasizes the importance of choosing appropriate computational 
methods as well as appropriate basis sets in order to obtain the most accurate molecular 
geometries, energies, bond lengths. The author further implies that treatment of electron 
correlation with appropriate techniques is essential in order to obtain reliable properties. 
The author also implies that different computational techniques may give different 
coordination number which in fact largely depends on the energy and molecular geometry 
of the given complex. In order to demonstrate high importance of choosing appropriate 
computational method and basis set, the author performs different computational 
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In this study, limitations of each computational method were summarized. For 
example, HF method prefers higher oxidation number complexes, because lower 
oxidation number complexes may result in longer bond distances. On the other hand, 
DFT calculations such as BLYP and B3LYP methods prefer lower coordination numbers. 
Also, DFT calculations indicate that hydrogen bonds are not being described correctly in 
highly charged metal complexes (2+ and higher).
53
 
All this information is very valuable towards my research project since 
appropriate selection of appropriate computational method and basis set will be essential 




2.1.9 Basis Sets 
 Basis sets are essential component of computational chemistry utilized to perform 
ab initio calculations. All theoretical calculations performed on molecular electronic 
structures are achieved by utilization of basis sets. Basis sets are mathematical 
descriptions of atomic orbitals (AO), which combine together into linear combination of 
atomic orbitals (LCAO) to approximate the molecular wavefunction (molecular orbital 
(MO)).
47.
 It is of great importance to identify the most suitable mathematical function that 
will successfully describe the wavefunction. These mathematical functions are not 
necessarily only the traditional atomic orbitals, instead these functions can be any 
functions suitable for a complete description of molecular wavefunctions.
45.
 The most 
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commonly used basis functions are Gaussian functions and Slater functions. These 
functions describe the electron distribution around an atom, while linear combination of 
atomic basis functions yields the electron distribution in the molecule as a whole.
 
Ab 




 Furthermore, Gaussian functions are combined into linear combinations of 
Gaussian-type orbitals (GTO). A single Gaussian-type function, also known as primitive 
Gaussian, is combined with other primitive Gaussians into linear combination of them. 
Linear combination of primitive Gaussians is referred to as contracted Gaussian. This 
contracted Gaussian is a basis function, which are used in theoretical calculations. Linear 
combinations of basis functions define atomic orbitals (AO), while LCAO gives MO, as 
mentioned earlier. Basis sets used in ab initio calculations are based on idea of linear 
combination of GTOs. 
Gaussian-type orbitals (GTO) are given by following equation: 




𝑚𝑙  (θ, ϕ). 
Here, Nl is the normalization constant, r is the distance between the nucleus and the 
electron, α is a shielding constant and 𝑌𝑙
𝑚𝑙  (θ, ϕ) are spherical harmonics (which defines 
angular part of each wavefunction). 
Slater-type orbitals (STO) were first introduced by John Slater
61
 in 1930 and are 
expressed as: 





𝑚𝑙  (θ, ϕ). 
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Here, ζ (Greek symbol zeta) is the effective charge at the nucleus, the meaning of other 
symbols are the same as in Equation 41. 
Hence, Slater-type atomic orbitals and Gaussian-type orbitals mainly differ in the 
exponential term as it is evident from their equations. STO are better suited for 
description of atomic orbitals, owing to the cusp at the nucleus (r=0), as well as more 
accurate description of decay at the extremities. The main advantage of Gaussian-type 
orbital is that it takes much less computer time to evaluate integrals. However, GTO 
suffers from the loss of the accuracy of the presentation. In order to make up for this 
disadvantage, a linear combination of different GTOs can be taken in order to accurately 
represent a single atomic orbital. Even though, GTO requires multiple functions for 
accurate descriptions of atomic orbitals, its speed makes it more desirable tool in 
theoretical calculations. 
 There are different basis sets: minimal, split valence, polarized and diffuse 
function basis sets, electron core potential (ECP) basis sets.
 62. 
Minimal basis sets, as the name implies contains minimum number of basis 
functions (single ζ basis set) for theoretical calculations of each atom and uses fixed size 
atomic orbitals. An example of the minimal basis set is STO-3G, developed by Nobel 
prize winner Pople
63
, and according to the name it uses 3 Gaussian functions/primitives 
per basis function (3G from the name), while STO means “slater type orbitals”. Therefore 
STO-3G approximates Slater type orbital with Gaussian functions. Also, STOs decay 
exponentially with distance from the nuclei. STO-3G is used for the smallest systems, it is 
the fastest but the least accurate basis set. STO-3G is small basis set, but very efficient in 
determining molecular geometries. Few examples of experimental studies when 
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compared with STO-3G based ab initio calculation indicated deviation of 0.02 Å for 
given bond lengths. On the other hand, weakness of the minimal basis set STO-3G was 




The more commonly used basis sets are Split-valence basis sets. These type of 
basis sets require more functions to more accurately describe orbitals, however they take 
advantage of the fact that outer shell electrons are more important for calculations than 
inner shell electrons. This in turn minimizes number of functions required for calculation 
using split-valence basis sets. Here, inner shell orbitals are described by single STO, 
while the outer valence electrons, as the name implies, split into inner and outer valence, 
with each outer orbital being described by an STO.
47.
 The split valence basis sets include 
3-21G and 6-31G and are combination of speed obtained from smaller basis set (STO-
3G) and accuracy of larger basis set. Split valence basis sets allow valence orbitals to 
change size but not the shape. The double zeta valence basis sets, like 3-21G use two 
sizes of constructed functions for each valence atomic orbital. Similarly, triple zeta 
valence basis sets, like 6-311G, utilize three sizes of constructed functions for each 
valence atomic orbital
47.  
There are additional adjustment that can be when mathematically describing 
molecular orbitals, such as adding polarization function and/ diffuse function, 
subsequently forming polarized basis sets, as well as diffuse basis set.
47
 
Polarized basis set contains * sign, which indicates that d function is added to the 
first row atoms and it is denoted as 6-31G (d) or 6-31G*. Further addition of p functions 
to hydrogen results in basis set called 6-31G** which equals to 6-31G (d, p). Polarized 
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basis set is most commonly used for medium sized systems.
 
Unlike the split valence basis 
set, the polarized basis function allows orbitals to change the shape as well. This is 
possible since polarized basis set adds orbitals with angular momentum beyond what is 
required for the ground state for the atom.
47.
 
Diffuse functions basis sets are presented as 6-31+G (d) or 6-31+G*, where 
diffuse function is added to heavy atoms meaning that orbitals are allowed to occupy a 
larger region of the space. If there is nomenclature such as 6-31++G (d) or 6-31++G* 
meaning diffuse function is added to the hydrogen atom as well. However, diffuse 
function on hydrogen very rarely makes significant improvement regarding the accuracy 
of calculations. Diffuse function are used for systems such as anions, molecules with lone 
pairs, systems in their excited states (allows orbitals to occupy more space). 
 
It is very 




The basis sets chosen for small atoms (hydrogen, oxygen, nitrogen and chloride) 




 et al. showed that heavy metals exhibit large basis set superposition 
error (BSSE) when utilizing basis sets such as 6-31G*, 6-31+G*. This large error was 
attributed to the fact that, the basis sets for heavier atoms are complicated due to high 
number of electrons and therefore larger atoms require much larger basis sets in order to 
obtain accurate energetics as well as optimized geometries. Solution to such problem is 
given by introduction of Effective Core Potentials (ECP).  
 Larger atoms require much larger basis sets in order to obtain accurate energetics 
as well as optimized geometries. Large set of Gaussians are required to accurately 
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describe chemically inert core electrons. Solution to such problem is given by 
introduction of Effective Core Potentials (ECP). Within ECP calculations, the “frozen 
core approximation” is used. This means that core orbitals are inert to changes in 
chemical bonding. This approximate function is called the pseudopotential (PP) or 
effective core potential (ECP). Hence, ECPs solve the large atom problem by dealing 
with valence electrons only. Avoiding explicit treatments of core atomic orbitals 
minimizes the cost and complexity of computational calculations. ECP approximation 
makes sense, since many chemical properties of elements are described by valence 
electrons, which actively participate in chemical bonding. These chemical properties 
include: bond strengths, electron affinities, ionization potentials, excitation energies, as 
well as molecular geometries. Also, past research has indicated that ECP approximation 
obtains almost as accurate results as the more costly and time consuming all-electron 
(AE) calculations. Therefore, it is only natural that ECP basis sets are preferred over AE 
basis sets for treatment of all large atoms. 
When constructing ECP basis sets, it is very important to choose appropriate size 
of the core. Size of the core can affect the accuracy of calculations (small cores being 
more accurate), as well as efficiency and large computational savings of calculations 
(large cores give more efficient results). However, when relativistic contributions are 
implicitly taken into account, then too small cores may lead to errors. This is attributed to 
the fact that nonrelativistic kinetic energy within the relativistically parameterized ECP 
approximation may not give the most accurate description of relativistic kinematics.  
Dolg
64
 et. al investigated errors associated with specific size of the core. For larger 
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Here, when four valence electron system is considered for lead, frozen core (FC) errors 
can be as large as 1 eV. This was attributed to the fact that there is larger radial overlap of 
the Pb 6s and 6p valence orbitals with the Pb (78 electron) core shells. However, 
including 5d electrons into the valence shell, brings number of lead valence electrons to 
14 valence electron system, which in turn reduces FC error to 0.07 eV. Very small errors, 
such as 0.01 eV are found when 5s and 5p electrons are also included in valence space 
making it 22 valence electron system.  
The effective core potential (ECP) basis sets utilized within this research are: 
CEP-121G, LANL2DZ and SDD. The CEP-121G basis sets uses Stevens-Basch-Krauss 
pseudopotentials. LANL2DZ basis set utilizes Los Alamos pseudopotentials (also known 
as Hay and Wadt) plus Double Zeta (DZ). Furthermore, SDD uses Stuttgart/Dresden 
electron core potentials, also known as Stoll-Preuss (SP).
64. 
2.2 Methodology 
Ab initio calculations, are performed using the Gaussian03 Software
65
. ACEnet 
(Atlantic Computational Excellence Network)
66
, a High Performance Computing Cluster 
(HPC) was used, specifically “Placentia”, located at Memorial University of 
Newfoundland, Canada.  
The very 1
st
 step was to learn with Gaussian 03 software commands, which are 
essential for conducting research. The 2
nd
 step was to choose appropriate levels of theory, 
at which molecular geometries will be optimized. Hence, the molecular geometries were 
fully optimized using a stepping stone approach, where geometries were optimized 
sequentially at following levels of theory: HF (Hartree-Fock), MP2 (second-order Møller-
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is to choose appropriate Basis sets for smaller and larger atoms respectively. Basis sets 
are essential component of computational chemistry utilized to perform ab initio 
calculations.  
Small atoms such as oxygen, hydrogen, chloride and ammonia were studied using 
basis sets such as 6-31G*, 6-31+G* and 6-311+G*,
67.
 while heavy metal such as Pb were  
investigated using effective core potential (ECP) basis sets such as CEP-121G, 
LANL2DZ and SDD. 
68 
 The z-matrix was used to speed up the optimization process (to 
constrain complexes to an appropriate symmetry). The Z-matrix is utilized as a structural 
map, which specifies molecular structure in terms of internal coordinates including bond 
distances, interbond angles as well as dihedral angles.
53
 Generally molecules are 
constrained to the highest possible symmetry and then funnelling down calculations 
toward the lowest symmetry molecular geometry. Optimized geometry should result in 
zero forces within the molecule, all principal force constants should be positive including 
vibrational frequencies.
47
 Any problem with z-matrix coordinates was indicated with the 
appearance of imaginary frequencies (denoted as negative by the software). If imaginary 
vibrational frequencies occur it means that the geometry optimization did not end in 
energy minimum as intended, instead it has ended in transition state.
53
 In these cases, 
symmetry was reduced based on movements of the ligands at these imaginary frequencies 
and optimizations were performed again for each level of theory. That is the eigenvectors 
of the imaginary frequencies point towards the new structural orientation where molecule 
is at the energy minimum.
47
 Frequency calculations were performed at each level of 
theory and Hessian (FOpt=CalcFC) was evaluated at the beginning of each optimization. 
Optimized geometry (geom=allcheck) was used in the subsequent optimizations. When 
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geometry optimization ran out of steps before being fully converged the input was altered 
to Opt=CalcAll. Geometry optimizations were carried out to completion for all levels of 
theories in a sequence even when one or more levels did not converge to local minima. 
This ensured that no energy minima were missed. Frequency analysis and pictures of 
optimized molecular structures were obtained utilizing visualization program called 
MOLDEN.
69
 The stability of energy minima were determined based on whether the 
structure was fully attached (stable) or was characterized by ligand dissociation 
(unstable). Also, the statement “skipped due to dissociation of ligands” implies that 
specific calculation was attempted, however the resulting structure was unstable, and/or 
coupled to an output error indicating a forbidden alpha angle of 0 and/or 180 degrees. Not 
all members of each series investigated could be found. 
Simulated polarized Raman spectra are plotted utilizing computer code created by 
my research supervisor, Dr. Cory Pye. Raman intensity calculations are standard in HF 
level of theory frequency calculations, subsequently vibrational frequencies essential for 
Raman spectra are obtained from the HF/SDD/6-311+G* output file. Once ab inito 
calculations are completed on all molecules within a given system of complexes (water, 
hydroxide, chloride, and ammonia), the lead-ligand bond lengths, as well as vibrational 
frequency data will be plotted to determine any trends. Obtained results will be ultimately 
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Chapter 3: Aqualead (II) Complexes 
Successful development of a long lasting sustainable SCWR (Supercritical Water-
Cooled Reactor) largely depends on being able to predict and control its water chemistry. 
In order to obtain the desired control over corrosion, associated with new design of a 
SCWR, it is essential to obtain an in-depth understanding of the formation of corrosion 
products such as metal-ligand complexes. The metal-ligand complexes chosen for study 
in this thesis are all lead (II) complexes including combinations with 4 different ligands: 




) and ammonia (NH3). These lead (II) 
complexes are important with respect to development of a SCWR nuclear reactor, 
because their formation and transport throughout the nuclear reactor pathway may result 
in the corrosion of construction material and may ultimately result in nuclear reactor 
leakage. Understanding of the underlying aqueous chemistry of lead (II) complexes is 
difficult since literature reports are scarce. This thesis will provide the very first catalogue 
of all possible lead (II) aqueous complexes, thus contributing to a deeper understanding of 
lead chemistry at the molecular level. 
This chapter includes the computational results and a discussion/literature 
comparison of aqualead (II) complexes. These aqualead (II) complexes were investigated 
up to and including enneacoordinate species (species with nine binding ligands). All 
calculations were performed at zero Kelvin, under gas phase boundary conditions. All of 
the results presented in this chapter, including total energies, bond lengths, and stretching 
vibrational frequencies were calculated at the HF, MP2 and B3LYP levels of theory, 
coupled with SDD basis sets for Pb and 6-311+G* basis sets for the water atoms. 
Optimized molecular geometries are presented for the MP2/SDD/6-311+G* and 
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B3LYP/SDD/6-311+G* levels of theory. All of the simulated polarized Raman spectra 
come from vibrational frequency data calculated at the HF/SDD/6-311+G* level, since 
the Raman intensities are standard for HF calculations. The absolute energy minima 
structures are presented, unless other local minima were identified with different 
geometries.  
3.1 Water, Chloride, Hydroxide and Ammonia Ligands 
Ab initio investigations were performed on the ligands involved in the formation 
of the lead (II) complexes studied for the sake of a stability comparison. Table 3A.1 
found in the Supplementary Material section, provides the total energies of these ligands 
at the HF, MP2 and B3LYP levels of theory. No basis sets are indicated, since only 
results utilizing 6-311+G* basis sets have been reported. 
                    
         Lead (II)                            Chloride                                            Water 
                               
                     Hydroxide                                                           Ammonia 
Figure 4: Optimized MP2 and B3LYP geometries for the lead (II) ion and all of the 
ligands utilized in the calculations of the lead (II) complexes. 
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3.2 Aqualead (II) Complexes, [Pb(H2O)n]
2+
 
 The driving force behind research involving the hydration properties of Pb
2+
 is the 
fact that Pb
2+
 has been widely used in the production of everyday appliances including 
electronics, batteries and glass. Leaching of lead from these materials may result in lead 
poisoning of an individual or contamination of the surrounding environment, which can 
in turn be manifested in severe health problems and adverse environmental effects, 
respectively. Lead (II) is a well-known toxin, but its underlying aqueous chemistry (the 
binding properties of the Pb
2+
 ion) is surprisingly poorly understood and thus still requires 
extensive research.
21, 22.  
The information provided in this thesis will contribute to the 
development of an appropriate water chemistry control strategy for the SCWR nuclear 
reactor. The optimized molecular geometries obtained herein (bond lengths, vibrational 
frequencies and energies) will complement previous theoretical studies, subsequently 
deepening the understanding of lead (II) solvation properties and may also contribute to 
an unraveling of the lead poisoning mechanism. 
Experimental investigations of the hydration structure of Pb (II) have been 
surprisingly poorly documented in the literature. One of the challenges associated with 
the experimental investigation of the hydrated structure of the Pb (II) ion is the fact that 
X- rays are strongly absorbed by lead (Pb).
70
 Hofer et al.
70
 suggest that neutron diffraction 
would seem to be a more appropriate experimental technique to utilize, however no 
investigation of this kind has been documented so far. 





are contradictory and call for an in-depth investigation. The very first 
experimental study of the coordination number for solvated Pb (II) was published in 
 
  52 




 This coordination 





obtained using the same experimental technique were 3.8 and 4.3, respectively. More 
recent experimental and computational studies have given coordination number ranging 
between 6 and 10 respectively.
72, 73
  
In addition to these specific experimental methodological problems, another 
property of the Pb (II) ion could introduce additional challenges. There are two valence 




), which makes the Pb (II) ion 
isoelectronic with Hg, but not with the noble gases. This may subsequently result in the 






 utilized ab initio quantum mechanical / molecular mechanical 
molecular dynamics (QM /MM MD ) at the HF quantum mechanical level with an aim to 
probe the structural properties of the hydrated Pb(II) ion. Two well-defined hydration 






, with a capped, distorted square antiprism 
geometry in the 1
st
 shell. The first hydration shell was characterized by 9 water ligands 
and was said to be flexible and continuously interchanging, with two dominant Pb (II)-O 
bond distances being 2.60 Å and 2.65 Å. The second hydration shell coordination number 
varied between 18 and 28 ligands, with an average coordination number of 24.6. Radial 
distribution functions identified the second shell as being mobile, suggesting that facile 
ligand exchange was occurring between the 2
nd
 shell and the bulk. 
70
 
Furthermore, Hofer et al.
75
 utilized ab initio HF methods in QM /MM MD 
simulations to investigate the dynamic properties of the hydrated Pb (II) complexes. This 
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study was performed subsequent to the previous study by Hofer et al.
70
 confirming the 
previously reported ion-oxygen (Pb-O) distances.
70
 The Pb-O bond distances were 
identified as 2.76 Å and 2.70 Å for ligands 1-4, and , and 2.68 Å and 2.66 Å for ligands 5 
and 6. Ligands 7-9 were characterized as having lower ion-ligand distances (2.63 Å, 2.64 
Å and 2.65 Å). It was concluded that the valence electrons were causing asymmetry of 
the ligand binding. The first hydration shell was identified as having coordination number 
of 9 and a high degree of internal flexibility, although the transition from the first to the 
second shell was limited. Hence, the mean ligand residence time of water molecules in 
the first hydration shell was estimated to be 0.23 ns, while in the second hydration shell 





 investigated static and dynamic solvation properties of the 
aqueous Pb
 
(II) ion utilizing ab initio computations for their static and Car-Parrinello 
Molecular Dynamics (CPMD) for their dynamic investigations. The structural 
investigation was carried out utilizing Gaussian03 software at the B3LYP level of theory 
coupled to a 6-31+G** basis set for water and an SDD (large core scalar relativistic 
pseudopotential (PP)) for lead. Density functional theory (DFT) was used, specifically 
B3LYP and BLYP functionals. The Pb-O radial distribution function indicated that the 
hydrated Pb
2+
 ion was hepta coordinate (coordination number 7). The radial distribution 
function obtained for the Pb-O bond was identified as very large and asymmetric, 
suggesting that short and long Pb-O distances coexist in the complex (short bond 
distances (< 2.6 Å), intermediate (2.6-3.0 Å) and long Pb-O bond lengths (>3.0 Å)). 
Averaging of the long and short Pb-O bond distances indicated that the aqueous Pb (II) 
complex is dynamically a holo-directed structure (a molecular conformation where 
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ligands are evenly spaced around the central atom), but statically a hemi-directed 
arrangement (where ligands preferably arrange in a sterically crowded conformation) 
corresponding overall to a distorted pentagonal bipyramid. The averaged bond distance 
was given as 2.7 Å with an associated root-mean-square deviation of 0.26 Å. The long 
Pb-O bond length was attributed to electrostatic repulsion between the Pb
2+
 lone pair (6s
2
) 





 performed Hybrid DFT calculations using the Gaussian03 software 
package to investigate the geometric and electronic molecular structures of [Pb(H2O)1-9]
2+ 
. Specifically, the B3LYP level of theory coupled to an aug-cc-pvdz basis set for water 
and an aug-cc-pvdz-PP basis set for Pb were used. Based on the optimized geometries, 
the authors identified the most stable complexes as [Pb(H2O)6-8]
2+
, which were holo-
directed in nature, while lower coordination number aqualead (II) species were dominated 
by hemi-directed structures. The unconstrained optimization of [Pb(H2O)9]
2+
 resulted in 
the dissociation of one water ligand, while constraining [Pb(H2O)9]
2+ 
to C3 symmetry 
gave a stable structure. However, it contained imaginary frequencies, an indication that 
the potential energy surface (PES) search did not find the lowest energy structure for the 
given complex. Hence, it was concluded that the highest reasonable coordination number 
for an aqualead (II) complex is 8. The authors also concluded that holo- vs. hemi- directed 
structural transitions are influenced by the coordination number and not by the 





 optimized the geometries of [Pb(H2O)1-9]
2+ 
using the Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE-GGA) of density functional theory 
(DFT) with CASTEP code under periodic boundary conditions. The results obtained 
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included bond distances, binding energies and Mulliken charge populations of the 
equilibrium geometries for [Pb(H2O)1-9]
2+
. The primary stable hydration numbers were 
identified as 6, 7 and 8, while the [Pb(H2O)6]
2+
  molecular geometry was identified as 
being the transition state between holo- and hemi-directed structures.  
As already mentioned, lead has the unusual tendency to switch between holo- and 
hemi- directed conformations. Such behaviour is attributed to the sterically active lone 
pair of lead (II).
22
 Looking for greater insight into the energetic origins of the hemi- and 
holo- directed behaviour of [Pb(H2O)n]
2+
, Devereux et al.
77
 utilized Reduced Variational 
Space (RVS) calculations, as well as well as ab initio calculations (HF and B3LYP levels 
of theory with 6-31+G** basis sets for the water atoms, and 4 different basis sets were 
tested for Pb). Three of the basis sets utilized for lead were large-core relativistic 
pseudopotential (PP): SDD, CRENBS and SBK, while one small-core relativistic PP 
(aug-cc-pvdz-PP) was also studied. Based on the obtained energetics, the most stable 
relativistic PP was aug-cc-pvdz-PP; its repulsion energy at short lead oxygen distances 
was much lower than those for the other basis sets. Bond distances for all 4 basis sets 
range from 2.283 to 2.388 Å and total energies for the hemi-conformations were found to 
be in the range of -197.6 to -254.8 kcal/mol. The study results suggested that hemi- 







 showed the holo- and the hemi- structures to be iso-energetic 
(separated by 1.5 kcal/mol).
77
 It was concluded that the distribution of ligands around the 
central metal arises from a balance between the first-order Coulomb and exchange-
repulsion energies that favours holo- conformation and second-order charge transfer plus 
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Shi et al.
78
 investigated the stability and the optimized geometrical parameters of 
[Pb(H2O)n]
2+
, for n=1, 2 and 3. An experimental study (hybrid quadruple/time-of-flight 
mass spectrometry) was performed, as well as a computational investigation (ab initio 
calculations) using Gaussian 98 software. Calculations were performed at the B3LYP 
level of theory and included SDD (a relativistic large core potential) for Pb and 6-
31++G** basis sets for the water atoms (O and H). Shi et al.
78
 were the first to show that 
doubly charged lead monohydrate, [Pb(H2O)]
2+
, does exist and can be synthesized via the 
ligand exchange reaction of [Pb(CH3CN)]
2+
 with H2O, although [Pb(H2O)]
2+
 was 
obtained in only a low yield. Hence, Shi et al.
78
 discarded the previous belief that the 
formation of the doubly charged monohydrate ion was impossible. The second ionization 
energy (IE) of lead is much larger than the first IE (12.6 eV) of water resulting in electron 
transfer from water to the doubly charged metal ion (M
2+







 DFT calculations suggested that [Pb(H2O)]
2+ 
is stable in the 




 are metastable against the dissociative 
proton transfer. All three hydrated ions were found to be stable against dissociative charge 
transfer.  
Furthermore, Shi et al.
80
 documented the abundant formation of [Pb(H2O)]
2+
 in 
the gas phase, via a ligand-exchange reaction between [Pb(N2)n]
2+
 and H2O. This finding 
was in contrast to their previous study
78 
where ligand-exchange reaction between 
[Pb(CH3CN)]
2+
 and H2O produced only a low abundance of [Pb(H2O)]
2+
. The higher 
efficiency of the ligand exchange reaction for the [Pb(N2)n]
2+ 




weak binding of N2 (the departing ligand) and was explained by binding enthalpy 
towards successful and stable formation of [Pb(H2O)]
2+
 complexes. The binding 
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enthalpies obtained for Pb
2+
 were 26.3, 60.4 and 91.9 kcal/mol for N2, H2O and CH3CN, 
respectively. Based on the concept of relative binding enthalpy, [Pb(N2)(H2O)]
2+
 is 
expected to lose nitrogen (N2), while [Pb(CH3CN)(H2O)]
2+
 should lose water, which, in 
turn explains why [Pb(CH3CN)]
2+
 and H2O produced a low abundance of [Pb(H2O)]
2+
, 
while the ligand-exchange reaction between [Pb(N2)n]
2+




Based on these previous studies, we decided to perform a comprehensive ab initio 
investigation of aqualead (II) complexes, up to and including coordination number 9, 
[Pb(H2O)1-9]
2+
, with the aim of identifying the highest possible stable coordination 
numbers and the corresponding optimized geometries. 
3.2.1 Results 
 
Molecular geometry optimizations were performed for aqualead (II) complexes up 
to and including the coordination number nine, [Pb(H2O)1-9]
2+
. The total energies for all 
of the aqualead (II) complexes studied are given in Tables 3A-2 to 3A-10 of the 
Supplementary Material section. Total energies are reported for 27 levels of calculations, 
including HF, MP2 and B3LYP levels of theory coupled to the chosen basis sets (CEP-
121G, LANL2DZ and SDD) for Pb and (6-31G*, 6-31+G* and 6-311+G*) for H and O. 
However, for brevity, only the results involving the SDD/6-311+G* basis sets are 










resulted in the 




constrained to C3 symmetry, was 
found to be unstable at the HF level of theory. It had all real frequency modes but 
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optimization still resulted in the dissociation of 3 water ligands (hydrogen bonded to 
neighboring water molecules). Furthermore, the unconstrained or C1 symmetry structure 
of [Pb(H2O)9]
2+ 
 was also unstable resulting in the dissociation of 1 or 3 water ligands 
depending on the level of theory. The MP2 and B3LYP optimized molecular geometries 
for the stable aqualead (II) complexes at their absolute energy minima are given in Figure 






                                                 Cs 
 
                                                    C3 
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                                                       C1 
 
 
                                                 S8 
D4 C2* 
C1 
Figure 5: Optimized MP2 and B3LYP geometries for stable structures of [Pb(H2O)1-9]
2+
. 
All structures are similar (yellow=lead, red=oxygen, white=hydrogen).* indicates 
structure only for the MP2 calculation. 
 
 





did not cause any optimization problems as the 
highest possible C2v symmetry was found to be stable at both the MP2 and B3LYP levels 
of theory.  
The dihydrate, [Pb(H2O)2]
2+
, was investigated under the constraints of D2h. 
symmetry. Desymmetrization of the D2h structure along Au, a twisting mode, gave a D2d 
structure. Further desymmetrization of the D2d structure along E, a skeletal deformation 
mode, gave a structure of Cs symmetry, which contained an imaginary frequency mode. 
However, the D2h structure was also desymmetrized along B2u, a skeletal deformation 
mode. This gave a C2 structure, which proved to be the most stable structure at all of the 





was initially constrained to D3h symmetry (two 
forms). Both of these forms have an A1” imaginary mode, a twisting mode, which 
suggested that desymmetrization to the D3 form would be appropriate. However, both D3 
forms were also found to contain imaginary frequency at all levels of theory. D3h #1 was 
then desymmetrized along the A2”, skeletal deformation mode, to the C3v #1, while D3h 
#2 was desymmetrized to the C3v #2 structure. D3h #2 was also desymmetrized along E”, 
a twisting mode, to a C2v structure, which was found to contain imaginary frequencies. 
The D3 structure was desymmetrized based on an A2 mode, a skeletal deformation mode, 
to a structure of C3 symmetry. This structure contained all positive frequencies, implying 
that potential energy surface (PES) had reached the absolute energy minima. Hence, C3 
symmetry was found to be the most stable for [Pb(H2O)3]
2+
 at all of the levels of theory 
used. 
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was initially investigated under the 
constraint of D4h symmetry (two forms). Numerous imaginary frequencies were found for 
the D4h structures. Desymmetrization of the lower energy D4h structure along the water 
twisting modes gave: for the largest modulus A1u mode, a D4 structure; along the Eg mode 
a D2h structure; and along the B1u mode the D2d #1 structure. The desymmetrization of D4h 
#2 along the B2u, skeletal deformation mode, gave the D2d #2 structure and along the A2u 
skeletal deformation mode gave C4v #1. The desymmetrization of D4h #1 along the A2u 
skeletal deformation mode gave the C4v #2 structure. The C4v #1 structure was slightly 
lower in energy than C4v #2, hence it was desymmetrized along an A2 mode to a structure 
of C4 symmetry. The tetrahydrate C4 structure, when desymmetrized along a B mode, 
reverted to a stable C2 structure with no imaginary frequencies. There was thus ultimately 






, was initially investigated under the constraint of 
C2v symmetry. The results showed imaginary B1 frequency modes at all levels of theory, 
suggesting desymmetrization to the Cs structure was required. Subsequently, the Cs 




, was initially constrained to have Th symmetry, but 
was found to have imaginary modes of frequency. Desymmetrization along the imaginary 
Tu, twisting mode, gave a C3 symmetry structure, which proved to be the most stable 
geometry at the HF and MP2 levels of theory. The optimized C3 geometry of 
[Pb(H2O)6]
2+ 
was unstable at the B3LYP level and resulted in [Pb(H2O)3]
2+ 
 plus 3 
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detached water molecules. These appeared to be hydrogen bonded to the hydrogens from 
the water ligands attached to the central lead atom. 




was initially optimized with C2v symmetry, which 
proved to be unstable at all of the given levels of theory and resulted in a [Pb(H2O)5]
2+
 
structure with 2 dissociated water ligands. The two dissociated water ligands formed 
hydrogen bonds with adjacent water ligands. The oxygen of the detached water ligands 
accepts a hydrogen bond from one of the still bound water molecules. Further 
desymmetrization along the B1 and B2 imaginary frequency modes gave the structures Cs 
#1 and Cs #2 respectively. Both, Cs #1 and Cs #2 proved to be unstable, losing two water 
ligands at both the MP2 and B3LYP levels of theory. The heptahydrate was finally 
desymmetrized to a C1 symmetry structure, which was unstable at all of the levels of 
theory. The ultimate product had 3 dissociated water ligands that were hydrogen bonded 





was initially investigated under the constraints of 
D4h symmetry (two forms, with the D4h #1 structure being slightly lower in energy) and 
D4d symmetry (two forms with the D4d #2 structure being slightly lower in energy). The 
D4d #2 structure was desymmetrized along an A2 mode to an S8 structure, which was 
stable at all of the levels of theory using the SDD/ 6-311+G*. The D4h #1 structure was 
desymmetrized along the largest-modulus A1u mode, a water twisting mode, to a D4 
structure. Hence, [Pb(H2O)8]
2+
, was found to be stable with S8 and D4 at all levels of 
theory when coupled to SDD/6-311+G* basis sets. However, the C2 symmetry structure 
was at the lowest energy minimum at the HF and MP2/6-311+G*, while the B3LYP/6-
311+G* C2 symmetry structure converged back to a S8 symmetry structure. 
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 was initially constrained to have D3h 
symmetry (4 forms, where #1 is the lowest in energy). The D3h structures contained 
various imaginary frequencies and desymmetrization was carried out based on the 
observed imaginary frequencies. The D3h #1 structure was desymmetrized along an A1” 
mode to a D3 structure, which contained imaginary frequencies, implying that the 
molecular geometry optimization did not reach the lowest energy minimum. In addition, 
the D3h #1 structure was desymmetrized along an A2’ imaginary mode to a C3h structure. 
Frequency analysis of the C3h structure indicated that scanning of the potential energy 
surface did not reach the lowest energy structure. The C3h structure was desymmetrized 
along the imaginary A2 and E modes, to structures of C3 and C1 symmetry, respectively. 
The C3 structure contained real (positive) frequency modes, but it was found to be 
unstable with the resulting dissociation of 3 water ligands. On the other hand, the 
unconstrained C1 structure was unstable and resulted in dissociation of one water ligand 
at the MP2 level and two water ligands at the B3LYP level of theory. 
The simulated polarized Raman spectra for monoaqualead (II) complex, 
[Pb(H2O)]
2+
, is  plotted in Figure 6. Furthermore, plots were constructed of the Pb-O 
bond lengths and vibrational stretching frequencies and are shown in Figure 7, Figure 8 
and Figure 9 for HF, MP2 and B3LYP respectively.  
3.2.2 Discussion and Literature Comparison 
 
 The monohydrate complex, [Pb(H2O)]
2+
, is the most reported of the lead (II) aqua 
ion in the literature. The most stable optimized geometry for this ion has been found to be 
C2v for all levels of theory studied with SDD/6-311+G* basis sets. The optimized 
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structure found for [Pb(H2O)]
2+
 is consistent with the computational study by Devereux et 
al.,
77
 who utilized Gaussian03 to optimize the molecular geometry of [Pb(H2O)]
2+ 
at the 
HF and B3LYP levels of theory, coupled to the large-core relativistic pseudo potential 
SDD for Pb and a 6-31+G** basis set for H2O. Devereux et al.
77 
found the optimized Pb-
O bond distances to be 2.384 Å and 2.359 Å at the HF and B3LYP levels, respectively. 
These results are almost identical to the results reported here, 2.382 Å and 2.357 Å at the 
HF and B3LYP levels, respectively. The very slight difference in the results can be 
attributed to the fact that Devereux et al.
77
 utilized a slightly smaller basis set for water 
(6-31+G**) compared to the 6-311+G* set utilized in this thesis.  
 The optimized geometries (stable conformations, bond lengths, energies and 
vibrational frequencies) reported in this thesis were compared to literature results where 
they are available. The Pb-O bond length data from this research was compared to 
previous computational studies. However, literature experimental data regarding Pb-O 
bond distances was not available, hence comparison was not possible. This is most likely 






 obtained a structure with C2v symmetry for [Pb(H2O)]
2+ 
at both 
the HF and B3LYP levels of theory. This is consistent with our finding that C2v symmetry 
for [Pb(H2O)]
2+ 
 is the most stable at any level of calculation. The Pb-O bond lengths they 
found are 2.364 Å and 2.339 Å, at the HF and B3LYP levels, respectively. These bond 
lengths are slightly shorter than the HF and B3LYP results presented here (2.382 Å and 
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can be attributed to a choice of basis set for water (6-31+G**), which is slightly smaller 
than one utilized in this thesis.  
Shi et al.
80
 reported the Pb-O bond distance to be 2.330 Å in [Pb(H2O)]
2+ 
at the 
B3LYP level of theory coupled with an SDD basis set for Pb and 6-31++G** doubly 
split-valence basis set for water. This B3LYP optimized Pb-O bond distance is slightly 
shorter than the one reported in this thesis at the B3LYP level of theory (2.357 Å). This 






 reported the Pb-O bond distance to be 2.34Å for [Pb(H2O)]
2+ 
at the 
B3LYP/ aug-cc-pvdz-PP level with a 60 electrons ECP (electron core potential) for Pb 
and an aug-cc-pvdz basis set for the water atoms. The slightly smaller Pb-O B3LYP bond 
distance reported by these authors is attributed to the fact that Wander et al.
21
 utilized 




 have reported an average B3LYP Pb-O bond length of 2.31 Å. They 
utilized a different computational method of investigation, (the Perdew-Burke-Ernzerhof 
generalized gradient approximation (PBE-GGA) of DFT).  
Hofer et al.
75
 have reported Pb-O bond distances for [Pb(H2O)]
2+
, from HF, MP2 
and B3LYP level calculations to be 2.32 Å, 2.30 Å and 2.28 Å, respectively. Hofer et al
75
 
utilized different pseudopotential (PP) for Pb (SBKJC VDZ ECP) and smaller basis set 
for water (6-31+G*) compared to the SDD/6-311+G* basis sets utilized in this thesis. 
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 The optimized Pb-O bond lengths obtained in this work for the dihydrate, 
[Pb(H2O)2]
2+




C2 symmetry was found to be the most stable at all of the levels of theory 
investigated. The Pb-O bond lengths have increased slightly compared to the 
monohydrate values. The results obtained for the Pb-O bond distances are consistent with 
previous computational research. However, subtle differences in the values are attributed 
to the smaller basis sets used by previous researchers, as well as variations in the software 
used and the levels of theory investigated. Hofer et al.
75
 obtained computed Pb-O bond 
distances at the HF, MP2 and B3LYP levels of theory to be 2.35 Å, 2.34 Å and 2.32 Å, 
respectively. Hofer et al.
75
 also observed a trend where increasing the number of water 
ligands coordinated to a lead (Pb(II)) resulted in elongation of the Pb-O bonds. The bond 
distances reported by Hofer et a.l
75 




 also reported a shorter Pb-O bond distance for [Pb(H2O)2]
2+
 than ours, 
of 2.36 Å at the B3LYP level of theory. This subtle difference has been attributed to the 
fact that Juan et al.
76
 utilized a completely different computational method of 
investigation (PBE-GGA of DFT). Furthermore, Wander et al.
21
 reported the Pb-O bond 
length to be 2.38 Å at the B3LYP level of theory, which is again slightly shorter distance 
than the one reported here.  
 The most stable structure for the trihydrate complex, [Pb(H2O)3]
2+
, proved to be 
that with C3 symmetry for all of the levels of theory (HF, MP2 and B3LYP) studied in 
this work. The Pb-O bond distances for [Pb(H2O)3]
2+ 
were found to be 2.462 Å, 2.438 Å 
and 2.442 Å at the HF, MP2 and B3LYP levels of theory, respectively. These bond 
lengths are all longer when compared to either the mono and dihydrate values. Once 
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again increasing the number of water ligands has resulted in a further elongation of the 
Pb-O bonds. Hofer et al.
75
 have also shown that increasing number of water molecules 
from two to three further increases the length of such Pb-O bonds. The optimized Pb-O 
bond lengths reported by Hofer et al.
75
 are 2.36 Å, 2.35 Å and 2.33 Å at the HF, MP2 and 
B3LYP levels of theory, respectively. These Pb-O bond lengths are slightly shorter than 
the ones reported in this thesis. These subtle differences in the Pb-O values are attributed 
to the use of smaller basis sets compared to our basis sets, as well as the presence of a 






, both of which contribute to the 
observed Pb-O bond length decrease.  
Juan et al.
76 
have also demonstrated that increasing the number of water ligands 
from two to three, increases the Pb-O bond distances. This is consistent with our finding. 
However, Juan et al.
76
 reported a slightly lower Pb-O bond distance (2.40 Å compared to 
2.442 Å reported here) at the B3LYP level of theory. This is understandable, since Juan et 
al.
76
 utilized different computational software (PBE-GGA). 
 In addition to these findings, Wander et al.
21
 obtained a B3LYP optimized Pb-O 
bond lengths of 2.42 Å for [Pb(H2O)3]
2+
. This is only slightly lower in value than our 
obtained value of 2.442 Å.  
 The tetrahydrate species, [Pb(H2O)4]
2+
, was found to be the most stable with C2 
symmetry for all of the levels of theory calculated. The average Pb-O bond lengths are 
2.538 Å, 2.508 Å and 2.515 Å for the HF, MP2 and B3LYP levels of theory, respectively. 
The bond lengths are consistently longer when compared to the mono-, di- and trihydrate 
values. Wander et al.
21
 have reported an average bond length of 2.49 Å for B3LYP 
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optimized [Pb(H2O)4]
2+
. The optimized Pb-O bond length is again smaller when 
compared to B3LYP value reported in this thesis.  
 Juan et al.
76
 reported the average Pb-O bond length in [Pb(H2O)4]
2+
 to be 2.47 Å 
at the B3LYP level, which is smaller than our reported value. This is attributed to the 
different computational software and basis sets used.  
Hofer et al.
75
 reported average Pb-O bond lengths of 2.45 Å, 2.42 Å and 2.38 Å 
for HF, MP2 and B3LYP level calculations, respectively. These results again substantiate 
the trend of increasing Pb-O bond lengths with increasing lead coordination number (a 
finding once again consistent with ours). The optimized Pb-O bond distances obtained by 
Hofer et al.
76
 are only slightly smaller than our optimized bond lengths.  
The pentahydrate species, [Pb(H2O)5]
2+
, proved to be the most stable with Cs 
symmetry for all of the levels of theory studied. The calculated average Pb-O bond 
lengths are 2.578 Å, 2.538 Å and 2.623 Å at the HF, MP2 and B3LYP levels of theory, 
respectively. Wander et al.
21
 has reported the average Pb-O bond length to be 2.53 Å for 
the B3LYP optimized [Pb(H2O)5]
2+
 complex. Juan et al.
76
 reported the average Pb-O 
bond length for the B3LYP level of theory to be 2.53 Å. Both of these studies confirmed 
that increasing the coordination number, by increasing the number H2O ligands, results in 
elongation of the Pb-O bond distances (findings consistent with our own). 
The most stable geometry for the hexahydrate complex, [Pb(H2O)6]
2+
, proved to 
have C3 symmetry for all of the levels of theory investigated. The average Pb-O bond 
lengths for these structures were found to be 2.679 Å and 2.640 Å for the HF and MP2 
level calculations, respectively. The B3LYP optimized [Pb(H2O)6]
2+ 
structure was found 
to be unstable and resulted in the formation of [Pb(H2O)3]
2+ 
 plus 3 detached water 
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molecules, which were hydrogen bonded to a neighbouring water ligands. The unstable 
nature of [Pb(H2O)6]
2+ 
at the B3LYP level is consistent with the results from a structural 
optimization performed by Wander et al.,
21
 where B3LYP/LANL2DZ/aug-cc-pvdz 




and 3 dissociated H2O 
ligands. However, when Wander et al.
21
 replaced the large-core 78 electron LANL2DZ 
basis set for lead with the small-core 60 electron aug-cc-pvdz-PP basis set, stable 
[Pb(H2O)6]
2+ 
was obtained. The unstable B3LYP optimized structure can be attributed to 
the choice of basis set, where a large-core basis set like SDD results in dissociation of 3 
water ligands. 
This finding is also consistent with the results from a study performed by 
Gourlaouen et al.,
22
 where the [Pb(H2O)6]
2+ 
complex was optimized at the 
B3LYP/SDD/6-31+G** level and which resulted in the dissociation of 2 water ligands 
(one water ligand was lost at a time close to 4 ps and the second ligand was dissociated 
during the time interval of 8.5 ps). Wander et al.
21
 reported the Pb-O bond distance for the 
stable [Pb(H2O)6]
2+ 
structure at the B3LYP/ aug-cc-pvdz-PP/ aug-cc-pvdz level to be 2.62 
Å. Furthermore, Juan et al.
76
 reported the B3LYP optimized Pb-O bond distance to be 
2.65 Å. These results are in good agreement with our obtained Pb-O results for 
[Pb(H2O)6]
2+
 at the HF and MP2 levels (keeping in mind that our B3LYP value was not 
extracted due to the ligand dissociation). Hofer et al.
75
 reported the Pb-O bond lengths to 
be 2.56 Å, 2.54 Å and 2.52 Å at the HF, MP2 and B3LYP levels, respectively. These HF 
and MP2 results are consistent with our HF and MP2 optimized Pb-O bond length values.  
The heptahydrate species, [Pb(H2O)7]
2+
, was desymmetrized from a C2v symmetry 
structure to one with Cs symmetry. However, it contained imaginary modes of frequency 
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suggesting further desymmetrization to a C1 symmetry structure was required. The C1 
symmetry structure was found to be unstable and resulted in decomposition to 
[Pb(H2O)4]
2+
 plus 3 dissociated water ligands. These results were not comparable to 
previous computational results, since our C1 structure containing real modes of 
frequencies was unstable. 
 The octa-hydrated species, [Pb(H2O)8]
2+
, was found to be stable with C4, C2 and 
S8 symmetries for all of the levels of theory studied. That is, positive (real) frequency 
modes were obtained at the HF, MP2 and B3LYP levels of theory for all of the 3 
indicated symmetries. The optimized Pb-O bond lengths for the C4 symmetry structure 
are 2.783 Å, 2.735 Å and 2.762 Å at the HF, MP2 and B3LYP levels, respectively. The 
Pb-O bond distances for the C2 symmetry structure are 2.773 Å, 2.726 Å and 2.760 Å at 
the HF, MP2 and B3LYP levels of theory, respectively. The optimized bond distances for 
S8 symmetry complex are 2.773 Å, 2.725 Å and 2.756 Å for the HF, MP2 and B3LYP 
levels, respectively. The bond lengths are longer when compared to the mono-, di, tri-, 
tetra-, penta-, hexa- and heptahydrate values. This result can be attributed to the increased 
number of water ligands, these induce repulsion thus forcing the bonds to be longer. 
Wander et al.
21
 also showed that increased coordination number results in increasing Pb-
O bond lengths. They reported an average Pb-O bond length of 2.71 Å for B3LYP 
optimized [Pb(H2O)8]
2+
. This result is in good agreement with our Pb-O bond distance at 
the B3LYP level of theory.  
Juan et al.
76
 reported the average Pb-O bond length in the same complex to be 





 reported average Pb-O bond lengths of 2.63 Å, 2.60 Å and 2.58 Å from 
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calculations at the HF, MP2 and B3LYP levels, respectively. These results show the same 
trend of increasing Pb-O bond lengths with increasing number of coordinated water 
ligands (a finding consistent with ours). Hofer et al.
75
 obtained only slightly shorter Pb-O 
bond distances than we did. This was attributed to the smaller basis sets used by the Hofer 
et al.
78
 (SBKJC VDZ ECP/ 6-31+G*). 




 contained real frequencies for a structure 
of C3 symmetry at the HF level of theory. However, this structure resulted from the 
dissociation of 3 water ligands that remained hydrogen bonded to the neighbouring 
attached water molecules. [Pb(H2O)9]
2+
 was desymmetrized to a C1 symmetry structure at 
the MP2 and B3LYP levels of theory, however it too was found to be unstable. One water 
ligand underwent dissociation at the MP2 level of theory and two water ligands were 
dissociated at the B3LYP level of theory. Wander et al.
21
 performed a geometry 
optimization of unconstrained [Pb(H2O)9]
2+
, which resulted in the dissociation of one 
water ligand, while optimization of the C3 symmetry structure yielded a fully attached 9 
coordinated complex. However, this C3 structure, even though fully attached, contained 
imaginary frequency modes, implying that the potential energy surface search did not 





 have shown in their computational study that the [Pb(H2O)9]
2+ 
structure is unstable and hence they concluded that the highest possible coordination 
number for an aqualead (II) complex is 8. This finding is also consistent with the findings 
of Wander et al.
78
 and most importantly with our computational findings. The highest 
possible coordination number for an aqualead (II) complex is 8, and not 9, as previously 
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. All of the previous computational studies 
regarding the optimized Pb-O bond lengths of aqualead (II) complexes are in a good 
agreement with the results that we have found. The subtle differences observed in the Pb-
O bond distances can be a result of the varying software, levels of theory and different 
basis sets utilized. Geometry comparison of aqualead (II) complexes between our results 




where n = 1 – 9) is summarized in the 
following tables 1, 2 and 3.  
 
Table 1: Geometry comparison of [Pb(H2O)n]
2+ 
, where n = 1 – 9, at B3LYP level 
of theory. All bond lengths (Å) are averages where appropriate. 
 

































 2.359 2.339 2.330 2.340 2.310 2.280 2.357 
[Pb(H2O)2]
2+
 2.399 - - 2.380 2.360 2.320 2.399 
[Pb(H2O)3]
2+
 - - - 2.420 2.400 2.330 2.442 
[Pb(H2O)4]
2+
 - - - 2.490 2.470 2.380 2.515 
[Pb(H2O)5]
2+
 - - - 2.530 2.530 - 2.623 
[Pb(H2O)6]
2+
 - - - 2.620 2.650 2.520 N/A 
[Pb(H2O)7]
2+
 N/A N/A N/A N/A N/A N/A N/A 
[Pb(H2O)8]
2+
 - - - 2.710 2.730 2.58 2.762 
[Pb(H2O)9]
2+
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Table 2: Geometry comparison of [Pb(H2O)n]
2+ 
, where n = 1 – 9, at MP2 level of 
theory. All bond lengths (Å) are averages where appropriate. 
 











 2.300 2.365 
[Pb(H2O)2]
2+
 2.340 2.403 
[Pb(H2O)3]
2+
 2.350 2.438 
[Pb(H2O)4]
2+
 2.420 2.508 
[Pb(H2O)5]
2+
 - 2.538 
[Pb(H2O)6]
2+
 2.540 2.640 
[Pb(H2O)7]
2+
 N/A N/A 
[Pb(H2O)8]
2+
 2.600 2.735 
[Pb(H2O)9]
2+
 N/A N/A 
 
 
Table 3: Geometry comparison of [Pb(H2O)n]
2+ 
, where n = 1 – 9, HF level of 













 Our results 
[Pb(H2O)]
2+
 2.384 2.364 2.320 2.382 
[Pb(H2O)2]
2+
 - - 2.350 2.423 
[Pb(H2O)3]
2+
 - - 2.360 2.462 
[Pb(H2O)4]
2+
 - - 2.450 2.538 
[Pb(H2O)5]
2+
 - - - 2.578 
[Pb(H2O)6]
2+
 - - 2.560 2.679 
[Pb(H2O)7]
2+
 N/A N/A N/A N/A 
[Pb(H2O)8]
2+
 - - 2.630 2.762 
[Pb(H2O)9]
2+
 N/A- N/A N/A N/A 
 
From the optimized MP2 and B3LYP geometries for aqualead (II) complexes 
reported in this thesis, it was evident that the water ligands prefer sterically hindered 
(uneven) conformation around the central Pb
2+ 
atom. This uneven arrangements of water 
ligands appears to be largely influenced by lone pair-ligand repulsion from the stereo 
active Pb lone pair (6s
2
). The lone pair-ligand repulsion is clearly predominant over 
ligand-ligand electrostatic repulsion. 
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Vibrational stretching frequencies were also calculated for this set of aqualead (II) 
complexes as shown in Figures 6 - 9. The plotted Pb-O vibrational stretching frequencies 
include the [Pb(H2O)1-9]
2+
 complexes. The 7 and 9 coordinate species were found to be 
unstable and hence were not plotted. One of the reasons for calculating these frequencies 
is so that they can be compared to experimental Raman studies that have been or will be 
completed. Specifically, simulated Raman spectra will be passed to Dr. Peter Tremaine 
who will perform high temperature and pressure Raman experiments on various lead (II) 
complexes at the University of Guelph in Ontario. These vibrational stretching 
frequencies can be used to confirm, or disprove, any experimental Raman findings that 
cannot be otherwise unambiguously assigned to a specific complex.  
Comparable solution Raman data that could only be found for the monohydrate 
complex, [Pb(H2O)]
2+
. Gourlaouen et al.
84
 performed B3LYP/SDD/6-31+G** level of 
calculations and reported the Pb-O vibrational stretching mode to be 335 cm
-1
, which is 




 and 334 cm
-1 
for the HF, MP2 and 
B3LYP levels of theory, respectively.  
Some general trends can be drawn from our plots of bond lengths and stretching 
frequencies shown in Figures 7 - 9. Concerning the bond lengths, as more water ligands 
are added to the central lead atom, the Pb-O bond lengths show a general elongation 
trend. This is caused by overcrowding of the lead center resulting in electrostatic 
repulsion between the water ligands. The opposite trend is observed in the Pb-O 
vibrational stretching frequencies. As the Pb-O bond lengths increase, the vibrational 
stretching frequencies decrease. This trend makes sense, because if the bond is longer it 
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will take less energy to cause it to vibrate and hence the corresponding vibrational 
frequency is also lower.  
 
 Figure 6: Simulated Raman spectrum of the monoaqualead (II) complex, 
[Pb(H2O)]
2+
, based on our HF/SDD/6-311+G* frequency calculation. 
 
 
  76 
 
 
Figure 7: Pb-O bond lengths and vibrational stretching frequencies for [Pb(H2O)n]
2+
, 
where n=1-8, calculated at the HF/SDD/6-311+G*level of theory. 
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Figure 8: Pb-O bond lengths and vibrational stretching frequencies for [Pb(H2O)n]
2+
, 
where n=1-8, calculated at the MP2/SDD/6-311+G*level of theory. 
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Figure 9: Pb-O bond lengths and vibrational stretching frequencies for [Pb(H2O)n]
2+
, 
where n=1-8, calculated at the B3LYP/SDD/6-311+G*level of theory. 
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 This ab initio investigation was carried on lead (II) complexes involving chloride 
ligands (with and without water). The formation of these species and their transport 
through a supercritical water-cooled (SCW) reactor core may result in the corrosion of the 
reactor’s construction material. In order to assure the sustainability of the nuclear reactor, 
it is essential to understand the bonding properties of aquachlorolead (II) species in order 
to gain control over corrosion associated with the formation of these metal ligand species. 
 This chapter includes computational results and a discussion of the chlorolead (II) 
complexes, up to and including six-coordinate species [PbClm(H2O)n]
2-m
, where m =1 - 4, 
n = 0 - (6-m). Water molecules were added to the chlorolead (II) complexes to probe how 
hydration affects the stability of the given species. All of the results discussed within this 
thesis (i.e., total energies, bond lengths and corresponding vibrational frequencies) come 
from calculations carried out the HF, MP2 and B3LYP levels of theory coupled to an 
SDD basis set for Pb and 6-311+G* for water and chloride. All calculations were carried 
out at zero Kelvin, in the gas-phase. All simulated Raman spectra are from vibrational 
frequency data obtained at the HF/SDD/6-311+G* level. The structures shown are the 
absolute energy minima located at the MP2 and B3LYP levels of theory at SDD/6-
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4.1 Literature Review 
 
 The motivation behind our research on lead chlorides is the fact that lead (Pb
2+
) is 
a highly toxic, heavy metal and its complexes are a serious health hazard and 
environmental pollutants.
82, 83 
Mapping of lead poisoning and designing chelating ligands 
to prevent lead poisoning requires an in-depth understanding of lead’s binding properties, 
stability, as well as a detailed spectral analysis. Structural investigations of lead chlorides 
and their hydration species are very poorly documented in the literature and thus require a 
comprehensive structural investigation on the molecular level.  
The crystal structure of lead chloride was investigated by Braekken et al.
84
 as 
early as 1932. Sass et al.
85
 doubted the results obtained by Braekken et al.
84
 and hence 
reinvestigated the lead chloride structure using single crystal, X-ray diffraction aiming for 
a more reliable set of interatomic distances. PbCl2 was found to have Pb-Cl in plane bond 
distances of 3.04 Å, 3.09 Å and 2.80 Å and out of plane Pb-O bond distances of 2.91 Å, 
3.05 Å and 3.70 Å. However, the typical Pb-Cl bond distances recorded in the Cambridge 
Structural Database
86
 is 2.839 Å with a standard deviation of 0.160 Å. Neutral and ionic 
compounds containing lead and chloride that have been known for a long time are PbCl2 







 reported the synthesis and crystal structure of a new 
coordination polymer identified as [Pb(TpyCl)Cl] [Pb(TpyCl)Cl2] [PbCl3] (CH3OH), 
where TpyCl is the 4’-chloro-2,2’:6’,2”-terpyridine ligand. This yellow crystal was 
obtained by the branched tube method and its structure determined using single-crystal X-
ray diffraction. The crystal structure revealed three complexes, the cationic 
[Pb(TpyCl)Cl]
+
, the neutral [Pb(TpyCl)Cl2] and the anionic [PbCl3]
-
, which were 
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connected via bridging chlorides and hydrogen bonds. The structural arrangement of the 
surrounding ligands bonded to a central metal atom (Pb
2+
) suggested the presence of a 
stereo active lone pair. Within the neutral complex, [Pb(TpyCl)Cl2], the first lead atom 
(Pb1) is five-coordinate. It forms three bonds via coordination to the TpyCl ligand, with 
Pb-N bond distances of 2.490 Å, 2.502 Å and 2.507 Å, Pb1 is also coordinated to two 
chloride anions with Pb-Cl bond distances of 2.818 Å and 2.858 Å. In addition, two 
bridging oxygen atoms are linked to Pb1 and the Pb-O bond lengths were identified as 
3.169 and 3.393 Å, respectively. The second lead (II) centre (Pb2) was identified within 
the cationic complex [Pb(TpyCl)Cl]
+
. Pb2 is five coordinate, including a stereo-active 
lone pair of electrons on the lead. Pb 2 is coordinated through 3 Pb-N bonds of a second 
TpyCl ligand, where the Pb-N bond distances were measured to be 2.560 Å, 2.564 Å and 
2.567 Å, respectively. The final coordination is through another Pb-Cl bond (2.774 Å). 
The third lead (II) atom (Pb3), from the anionic complex [PbCl3]
-
, was identified by its 
three Pb-Cl bonds (2.576 Å, 2.650 Å and 2.742 Å). The anionic [PbCl3]
-
 complex is 
arranged in a tetrahedral structure. Bridging chloride ligands, from the cationic and 
neutral complex, are coordinated to Pb3 and through longer Pb-Cl bonds (3.132 Å and 
3.296 Å respectively). 
Freza et al.
89
 performed ab inito calculations to investigate the structural and 
physiochemical properties of the lead chlorides (PbClx; x=1-5) and their chloroplumbate 
derivatives (PbCly
n
; y = 1 - 7, n = 1 - 4), as well as the thermodynamic and kinetic 
properties of these species. Specifically, calculations were performed at the MP2 and 
MP2 (PCM) levels of theory, coupled to LANL2DZ basis sets for Pb and 6-311+G* basis 
sets for water. Freza et al.
89
 identified electronically, energetically and thermodynamically 
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stable species in a gaseous system. These included lead chlorides involving PbClx (x = 1 -
5), singly charged anions with the formula PbCly
-
 (y=2-6) and the doubly charged anions 
PbCly
2-






 were found to be stable 
in the aqueous phase. The attachment of Cl
-
 to neutral molecules was found to be free of 
any kinetic activation barrier, whereas the attachment to anions involved moderate kinetic 
activation barriers. Cl2 was found to attach in a constructive two-step fashion involving an 
initial complex formation followed by an unconcerted substitution. Theoretical prediction 
showed that the maximum ionic valence of electronically stable species in the gaseous 
stable is two (e.g. PbCl
2-
), while in an aqueous environment chloroplumbate anions with 





 implying that these structures should be stable in crystalline solid phase. 
These observations were attributed to the strong repulsive electrostatic interactions which 
prevent the formation of highly charged chloroplumbate anions in the gaseous phase, 




Stable structures were found for all of the anhydrous chlorolead (II) complexes up 
to and including those with four chloride ligands. These chlorolead complexes were 
further hydrated and investigated up to, and including a hexacoordinate species (species 
with 6 ligands). Water molecules were added with the aim of probing how the hydration 
affects the stability of a given complex. The highest stable coordination number of the 
hydrated chlorolead (II) complexes proved to be largely dependent on the number of 
chloride ligands involved. 
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 The hydrated monochlorolead (II) complexes were found to be stable up to, and 
including, the penta-coordinate species. The hexa-coordinated species were investigated, 
but these were unstable with respect to dissociation of one or two of the water molecules 
(depending on the symmetry investigated). The hydrated dichlorolead (II) complexes 
were found to be stable up to, and including, the tetra-coordinate species. The penta- and 
hexa- coordination of the hydrated dichlorolead (II) species were attempted, but they 
underwent dissociation of one or more of the ligands (chloride and/or water). Therefore, 
stable structures for penta- and hexacoordinated dichlorolead (II) complexes were not 
found. Furthermore, no stable structures were found for either trichlorolead (II) 
complexes or tetrachlorolead (II) complexes when water was added. All of these 
structures showed either a chloride or water molecule dissociating from the rest of the 
molecule.  
All of the results (total energies, bond distances and stretching frequencies) 
discussed in this thesis are from calculations carried out at the HF, MP2 and B3LYP 
levels of theory with SDD/6-311+G* basis sets. The total energies of the stable structures, 
as well as those of the others that were attempted, can be found in Tables 4A.1- 4A.9 of 
the Supplementary Materials section. The absolute minimum energy structures are 
presented for the MP2 and B3LYP optimizations and can be found in Figures 10, Figure 
11, Figure 12 and Figure 13 for the monochlorolead (II) complexes, the dichlorolead (II) 
complexes, the trichlorolead (II) complexes and the tetrachlorolead (II) complexes 
respectively. 
The anhydrous monochlorolead (II) complex, [PbCl]
+
, did not cause any 
symmetry problems as the highest symmetry C∞v structure was found to be the most 
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stable at all of the levels of theory studied. The monohydrate, [PbCl(H2O)]
+
, was 
desymmetrized from C2v, along the imaginary B1 mode, a skeletal deformation mode, to a 
preferred Cs symmetry. [PbCl(H2O)]
+ 
was the most stable with Cs symmetry for all of the 
levels of theory studied. The dihydrate, [PbCl(H2O)2]
+
, was initially constrained to have 
C2v symmetry (two forms). Subsequently, the lower energy C2v #2 structure was 
desymmetrized along the B1 and B2 modes, skeletal deformation modes, to Cs #1 and Cs 
#2 respectively. These subsequently converged to the same structure with the same 
absolute energy minimum. Hence, the dihydrate, [PbCl(H2O)2]
+
, was the most stable at Cs 
symmetry for all of the levels of theory studied. The trihydrate, [PbCl(H2O)3]
+
, was 
investigated under the constraint of C3v symmetry (two forms). The C3v #2 structure was 
found to be at the lowest energy minimum for the HF and B3LYP levels, while the MP2 
level results contained imaginary frequency modes. Subsequently, the C3v #2 structure 
was desymmetrized along the imaginary A2, water twisting mode, to a C3 structure. The 
C3 structure was stable at the HF level of theory, but contained imaginary E modes at the 
MP2 level of calculations; this suggested that further desymmetrization to the Cs structure 
would be necessary. Subsequently, the C3 structure was desymmetrized at the MP2 level 
of theory along the E mode, a skeletal deformation mode, to the stable Cs symmetry. 
Hence, Cs symmetry was identified as giving the most stable structure for the 
[PbCl(H2O)3]
+
 species at the MP2 level of theory The tetrahydrate complex, 
[PbCl(H2O)4]
1+
, was investigated under the constraint of C4v symmetry (two forms). The 
C4v #2 structure was found to give the lowest energy minimum for all of the levels of 
theory studied. The pentahydrate complex, [PbCl(H2O)5]
1+
, was initially constrained to 
have C2v symmetry (five forms). The C2v #4 and C2v #5 structures were unstable, resulting 
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in the dissociation of one H2O ligand in each case. The C2v #1 structure was the lowest in 
energy and hence was desymmetrized to  Cs #1, based on the B1 imaginary mode at the 
HF and MP2 levels and to Cs #2 based on the B2 imaginary mode at the B3LYP level. In 
addition, the C2v structure of [PbCl(H2O)5]
+
 was desymmetrized along the A2 imaginary 
mode to the C2 #1 structure at the HF and MP2 levels of theory, while being 
desymmetrized to C2 #2 at the B3LYP level. These C2 and Cs structures contained 
imaginary frequencies, suggesting further desymmetrization was required to even lower 
symmetry structures. Subsequently, the Cs structure was desymmetrized along the A” 
imaginary mode to a C1 structure. The C1 structure did contain real frequency modes, but 
resulted in the dissociation of one water ligand at the HF and MP2 levels and dissociation 
of two water ligands at the B3LYP levels of theory. Hence, the C1 symmetry of 
[PbCl(H2O)5]
+ 
species was found to be unstable at all levels of theory. 
 
 
                                              C∞v Cs 
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                                                           Cs 
 
 
                                                C4v #2 
 
 
                                                           C1 
                                            
 
                                                                C1 
Figure 10: Optimized MP2 and B3LYP geometries for stable structures of 
[PbClm(H2O)n]
2-n
, where m=1 and n=0- (6-m). All symmetries marked with "*" indicates 
B3LYP level results, "a" indicates MP2, otherwise the MP2 and B3LYP derived 
structures are similar. 
 
 
The anhydrous dichloro complex, [PbCl2]
0 
was initially constrained to the highest 
possible D∞h symmetry. This structure was desymmetrized along a ∏1u imaginary mode, 
a skeletal deformation mode, to C2v symmetry. Hence, C2v symmetry was identified as the 





, was investigated under the constraint of C2v 
symmetry (two forms). Both of these forms had A2 imaginary modes (indicative of a C2 
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structure), as well as B1 and B2 imaginary modes (indicative of two Cs structures). Both 
the C2 and Cs structures contained imaginary frequency modes at all of the levels of 
theory, suggesting that further desymmetrization was required. Subsequently, the lower 
symmetry Cs structure was desymmetrized along the A” imaginary mode, a structural 
deformation mode, to the C1 unconstrained structure. Hence, [PbCl2(H2O)]
0 
was found to 
be the most stable at C1 symmetry.  
The dihydrate complex, [PbCl2(H2O)2]
0
, was initially constrained to have D2h 
symmetry (2 forms). The lower energy D2h structure was desymmetrized along the 
imaginary skeletal deformation modes, B1u and B2u, to C2v #1 and C2v #2 symmetries, 
respectively. Frequency analysis revealed that the C2v #1 symmetry is the most stable 
form for [PbCl2(H2O)2]
0 
at all of the levels of theory studied.  
The trihydrate, [PbCl2(H2O)3]
0
, was reverted from D3h along the A2” imaginary 
mode to a C3v symmetry structure, which was, in turn, desymmetrized along the A2 (water 
twisting mode) and E (skeletal deformation mode) to C3 and Cs structures, respectively. 
The C3 structure was found to be unstable with one detached chloride ligand. The Cs 
structure was stable, but contained an imaginary A” mode (indicative of a C1 structure). 
The trihydrate, [PbCl2(H2O)3]
0 
, was initially constrained to the highest possible 
symmetry, a D3h structure (2 forms). The lower energy D3h structure was desymmetrized 
along the A2” mode, a skeletal deformation mode, to C3v symmetry. The C3v structure was 
then further desymmetrized along the A2 imaginary frequency mode (water twisting 
mode) and the E imaginary frequency mode (skeletal deformation mode) to C3 and Cs 
structures, respectively. However, the C3 structure was found to be unstable, with the 
dissociation of one chloride ligand ultimately resulting in the formation of 
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[PbCl1(H2O)3]
0
. On the other hand, the Cs structure was found to be fully attached, but 
contained the imaginary A” frequency mode; further desymmetrization resulted in a C1 
symmetry structure. The HF optimization of the C1 structure was skipped due to the 
dissociation of the remaining chloride ligand. The C1 structure was optimized at the MP2 
and B3LYP levels of theory, where real frequency modes were obtained. However, it was 
unstable, resulting in the formation of [PbCl2(H2O)2]
0 
and  one detached H2O molecule. 
Therefore, a stable structure for the [PbCl2(H2O)3]
0 





was initially investigated under a D4h symmetry 
constraint (two forms). Subsequently, the lower energy D4h structure was desymmetrized 
along A2g, a water wagging mode, to C4h symmetry, along A2u, a skeletal deformation 
mode, to C4v symmetry and along B2u, a skeletal deformation mode, to D2d symmetry. 
The C4v structure was found to be fully attached at the HF level of theory but contained 
imaginary frequency modes. The same structure lost one chloride ligand when optimized 
at the MP2 and B3LYP levels of theory. The tetrahydrate, [PbCl2(H2O)4]
 
was 
desymmetrized along the imaginary Eu mode, to a C2v symmetry structure. The C2v 
symmetry [PbCl2(H2O)4]
0 
structure lost one water ligand when optimized at the HF and 
MP2 levels of theory, while the C2v structure optimized at the B3LYP level lost two 
chloride ligands and one water molecule through dissociation. The D4h #1 form of 
[PbCl2(H2O)4]
0 
was reverted along the Eg mode, a water twisting mode, to Cs symmetry. 
The Cs structure was fully attached at the HF and MP2 levels of theory, while the B3LYP 
optimized structure had lost one chloride ligand. The Cs structure contained an imaginary 
A” mode at the HF and MP2 levels of theory suggesting desymmetrization to the C1 
structure was required. Subsequently, the [PbCl2(H2O)4]
0 
complex was desymmetrized to 
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a C1 symmetry, unconstrained structure. This resulted in the detachment of one chloride 
ligand at the HF level of theory, while optimization at the MP2 and B3LYP levels was 
skipped due to the dissociation of ligands. Hence, a stable structure for the 
[PbCl2(H2O)4]
0  
complex was not found.  
 
 
                                                        C2v 
 
 
                                                              C1 
 
 
                                                       C2v #1 
 
                                                               C1 
 
Figure 11: Optimized MP2 and B3LYP geometries for stable structures of 
[PbClm(H2O)n]
2-n
, where m=2 and n=0- (6-m). All symmetries marked with "*" indicates 
B3LYP level results, "a" indicates MP2, otherwise the MP2 and B3LYP derived 
structures are similar 
 
The anhydrous trichloro complex, [PbCl3]
- 
 was reverted from the initially 
constructed D3h structure, along the imaginary A” mode, a skeletal deformation mode, to 
give a structure with C3v symmetry. The structure with C3v symmetry was found to be the 
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The monohydrate, [PbCl3(H2O)]
- 
, was initially constrained under C2v symmetry 
(two forms). Subsequently, the lower energy C2v #1 structure was desymmetrized along 
the B1 and B2 modes to symmetries of Cs #1 and Cs #2, respectively. Optimization of the 
Cs #1 structure resulted in dissociation of one water ligand that appeared to be then 
hydrogen bonded to two neighboring attached chloride ligands ([PbCl3]
- 
+ 1 H2O 
detached). On the other hand, the Cs #2 structure was not optimized at the 
HF/MP2/B3LYP/SDD/6-311+G* levels, due to problematic steps that showed the 
dissociation of ligands. Hence, the Cs #1 and Cs #2 structures were unstable and no 
further desymmetrization was performed due to the dissociation of ligands. No stable 
structure was found for [PbCl3(H2O)]
-
. 
The dihydrate complex, [PbCl3(H2O)2]
-, 
was initially optimized under the 
constraint of C2v symmetry (two forms). Subsequently, the lower energy structure, C2v #2, 
was desymmetrized along the A2 frequency mode to a C2 structure. The C2 structure 
contained an imaginary B mode (indicative of a Cs structure). Subsequently, the Cs #1 and 
Cs #2 structures were optimized, but were proven to be unstable. Optimization of both of 
the Cs structures of [PbCl3(H2O)2]
- 
resulted in the formation of [PbCl3(H2O)]
-
 and the 
detachment of one H2O ligand. Since the [PbCl3(H2O)2]
- 
complex was found to be 
unstable with Cs symmetry, no further desymmetrization was performed.  
The trihydrate complex, [PbCl3(H2O)3]
-
, was initially constrained to have C3v 
symmetry (4 forms). All these forms were unstable and resulted in dissociation of 3 H2O 
molecules ([PbCl3]
-
 + 3 H2O detached). The trihydrate, [PbCl3(H2O)3]
- 
, was also 
constrained under C2v symmetry (4 forms). The C2v #1 structure turned out to be unstable, 
resulting in the detachment of one chloride molecule, while the other 3 forms gave C2v 
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structures that were fully attached. These C2v structures contained imaginary frequency 
modes (B1 and A2 suggesting desymmetrization to Cs and C2, respectively). 
Desymmetrization of the C2v structure along the A2 mode resulted in a structure of C2 
symmetry, which was fully attached but contained an imaginary B frequency mode, 
suggesting further desymmetrization to the lower Cs symmetry was required. However, 
optimization of the Cs structure was skipped at the HF and MP2 levels of theory due to 
the dissociation of ligands, while the B3LYP optimization was found to be unstable, 
giving the [PbCl3(H2O)]
- 
structure and 2 detached H2O molecules. Hence, no further 
desymmetrization was performed for the [PbCl3(H2O)3]
-
 complex and no stable structure 
was identified. 
 C3v 
Figure 12: Optimized MP2 and B3LYP geometries for stable structures of 
[PbClm(H2O)n]
2-n
, where m = 3 and n = 0 - (6-m). There was no distinction between the 
structures for the MP2 and B3LYP levels of theory. 
 
The anhydrous tetrachloro complex, [PbCl4]
2- 
was initially investigated under the 
constraint of D4h symmetry. There were A2u and B2u imaginary frequencies. 
Subsequently, the D4h structure was desymmetrized along the A2u mode, a skeletal 
deformation mode, to a structure of C4v symmetry, which contained imaginary frequency 
modes and along B2u, a skeletal deformation mode, to a D2d symmetry structure. 
However, the D2d structure converged to a Td structure. Hence, [PbCl4]
2- 
was found to be 
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, were found to be unstable. These complexes showed 
dissociation of either a chloride ligand or a water molecule from the rest of the molecule. 
         Td 
Figure 13: Optimized MP2 and B3LYP geometries for stable structures of 
[PbClm(H2O)n]
2-n
, where m = 4 and n =0 - (6-m). There was no distinction between the 
structures for the MP2 and B3LYP levels of theory. 
 
 No stable structures were found for the pentachlorolead (II) complex. The 
geometry attempted showed dissociation of chloride ligands. 
 From the optimized geometries, both MP2 and B3LYP levels of theory, it was 
clear that the chloride and water ligands prefer to arrange themselves in a sterically 
hindered conformation around the central lead (II), which appears to be largely influenced 
by the stereo active Pb lone pair (6s
2
). 
 Plots of the Pb-O and Pb-Cl bond lengths and vibrational stretching frequencies 
were constructed and can be seen in Figure 14, Figure 15 and Figure 16 for the HF, MP2 
and B3LYP calculations, respectively. Within these plots, the dashed lines indicate which 
bond lengths and vibrational stretches involve chloride ligands. Simulated polarized 
Raman spectra were also created for the stable HF structures and can be found in Figure 
4A-1 of the Supplementary Materials section. 
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4.3 Discussion and Literature Comparison 
 The information on the structure, stability and spectral properties of chlorolead 
(II) complexes acquired through the work in this thesis creates a convenient framework 
within which to gain a more detailed understanding of the bonding properties and 
behavior of the most stable chlorolead (II) species. Computationally predicted geometries 
and spectral properties of the chlorolead (II) complexes (anhydrous) have been compared 
with the data available in the literature (both computational and experimental), to show 
the extent to which the characteristics of these complexes correspond to each other. 
Unfortunately, no literature data was available for hydrated chlorolead (II) complexes.  
 The most stable geometry for the anhydrous monochlorolead (II) complexes, 
[PbCl]
+
 was identified as that having C∞v symmetry for all of the levels of theory studied 
in this work (HF, MP2 and B3LYP). This finding is consistent with the results from the 




who identified both [PbCl] and [PbCl]
-
 species as 
having C∞v geometries. Freza et al.
89
 performed ab initio investigations of lead chlorides 
(PbClx; x = 1 - 5) and their chloroplumbate derivatives (PbCly
n
; y = 1 - 7, n = 1 - 4) at the 
MP2 level of theory, using a 6-311+G* basis set for Cl and a LANL2DZ basis set for Pb. 
Subsequently, Freza et al.
89
 identified the Pb-Cl bond length in PbCl to be 2.479Å, which 
is in close agreement with our 2.379 Å, 2.379 Å and 2.390 Å distances from the HF, MP2 
and B3LYP calculations, respectively. Freza et al.
89
 obtained slightly longer Pb-Cl bond 
distances and this can be attributed to their choice of basis set for Pb, which was a small-
core pseudo potential (PP) LANL2DZ set compared to the large-core PP SDD set we 
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used. Furthermore, Freza et al.
89
 identified the Pb-Cl bond length in [PbCl]
-
 to be slightly 
longer (2.691 Å). The elongation of the bond length for the anionic [PbCl]
-
 can be 
attributed to the electrostatic repulsion between of stereo active lone pair on Pb and the 
negative charge on Cl.  
Saghatforoush et al.
88 
studied the crystal structure of 
[Pb(TpyCl)Cl][Pb(TpyCl)Cl2][PbCl3](CH3OH) and found it to contain three complexes: 
cationic [Pb(TpyCl)Cl]
+
, neutral [Pb(TpyCl)Cl2] and anionic [PbCl3]
-
. The Pb-Cl bond 
length identified within the cationic complex, [Pb(TpyCl)Cl]
+ 
, was 2.774(3) Å, which is 
slightly longer than the value of 2.433 Å we report for [PbCl]
+
 at B3LYP. These 
differences can be attributed to the fact that our calculations involved a single molecule in 
the gas phase, whereas Saghatforoush et al.
88 
performed experiments on a solid single 
crystal, where longer range interactions occur, thus involving greater electrostatic 
repulsion and elongating the observed Pb-Cl bond lengths. 
The most stable geometry found for the anhydrous dichloro complex, [PbCl2], had 
C2v symmetry. This finding is in excellent agreement with the results obtained by Freza et 
al.
89
 who identified the most stable geometry for PbCl2 to be of C2v symmetry as well. 
Freza et al.
89
 characterized PbCl2 from the obtained Pb-Cl bond length of 2.457 Å. The 
Pb-Cl bond lengths reported in this thesis for PbCl2 are 2.505 Å, 2.498 Å and 2.518 Å at 
the HF, MP2 and B3LYP levels of theory, respectively. The overall Pb-Cl bond length 





reported the Pb-Cl bond distances for the neutral 
[Pb(TpyCl)Cl2] complex to be 2.818(3) Å and 2.858(3) Å. The structure of this complex 
was identified as having five-coordinate lead including a stereo-active lone-pair on the 
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lead (II) center. The Pb-Cl bond distances obtained by Saghatforoush et al.
88
 are higher 
than the ones reported in this thesis (2.505 Å, 2.498 Å and 2.518 Å at the HF, MP2 and 
B3LYP levels of theory, respectively). Again, our calculations were performed on a 
single molecule ([PbCl2]) in the gas phase whereas Saghatforoush et al.
88
 calculated 
optimized geometries for the cationic complex ([Pb(TpyCl)Cl]
+
) within the solid state 
crystal resulting in a larger electrostatic repulsion.  
The most stable geometry for the anhydrous trichlorolead (II) complex, [PbCl3]
-
 
proved to be that with C3v symmetry for all of the levels of theory studied (HF, MP2 and 
B3LYP). The Pb-Cl bond lengths determined in this work for [PbCl3]
- 
are 2.645 Å, 2.621 
Å and 2.659 Å for the HF, MP2 and B3LYP respectively. These bond lengths are longer 
than the analogous anhydrous mono- and dichlorolead (II) values. The Pb-Cl bond 
lengths reported here are consistent with an ab initio study by Freza et al.
89
, who 
performed calculations at the MP2/LANL2DZ/6-311+G* level on [PbCl3]
- 
 and identified 
the most stable structure to have C3v symmetry. Freza et al.
89
 obtained a slightly shorter 





 within their more complex single crystal, 
to be tetrahedral in structure with three coordinated chloride anions. Subsequently, the 
Pb-Cl bond lengths were identified to be 2.576(3) Å, 2.650(3) Å and 2.742(3) Å. These 
Pb-Cl values are in a close agreement with our values, however the bond lengths obtained 
by Saghatforoush et al.
88 
are slightly longer. These differences can be attributed to the fact 





 within the larger solid state crystal resulting in 
elongation of the Pb-Cl bond lengths.  
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The anhydrous tetrachloro species, [PbCl4]
2-
, that proved to be the most stable has 
Td symmetry. The Pb-Cl bond lengths in it are 2.937 Å, 2.877 Å and 2.911 Å from the 
HF, MP2 and B3LYP calculations, respectively. These bond lengths are longer when 
compared to those in the lower coordination species like the anhydrous mono-, di- and 
trichloro lead (II) complexes. These differences can be attributed to the increased number 
of chloride ligands, which affect the electrostatic repulsion forcing the bonds to elongate. 
Freza et al.
89
 identified the most stable structures for [PbCl4]
2-
 to have Td and C3v 
symmetries, with Pb-Cl bond lengths of 2.844 Å and 2.886 Å, respectively. These results 
are similar to the results reported here (2.937 Å, 2.877 Å and 2.911 Å at HF, MP2 and 
B3LYP level, respectively), while the bond lengths obtained by Freza et al.
89
 are slightly 
lower than our values. 
Table 4: Geometry comparison of chloride lead complexes (MP2 and B3LYP 
levels) with results reported by Freza et al.
89






Optimized Pb-Cl Bond Lengths (Å) 
Freza et al.
89
 Our Results 
MP2 HF MP2 B3LYP 
PbCl
+ 
C∞v - 2.379 2.379 2.390 
PbCl C∞v 2.479 - - - 
PbCl
-
 C∞v 2.691 - - - 
PbCl2 C2v 2.457 2.505 2.498 2.518 
PbCl3
-
 C3v 2.581 2.645 2.621 2.659 
PbCl4
2-
 Td 2.886 2.937 2.877 2.911 
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All previous computational studies regarding optimized Pb- O and Pb- Cl bonds 
of aquachlorolead (II) complexes are in a good agreement with the results reported in this 
thesis. The Pb-Cl values obtained by Freza et al.
89
 are slightly lower than our values. 
These subtle difference can be attributed to the different choice of pseudo potentials 
(LANL2DZ) utilized at MP2 level of theory by Freza et al.,
89
 while we used a large-core 
PP SDD at HF, MP2 and B3LYP levels of theory, thus resulting in a slight elongation of 
the Pb-Cl bond lengths. The geometry comparison of chloride lead complexes (MP2 and 
B3LYP levels) with results reported by Freza et al.
89
 is summarized in Table 4. 
Vibrational stretching frequencies were calculated for this set of hydrated 
chlorolead (II) complexes as seen in Figures 14 - 16. Freza et al.
89
 computationally 




 for [PbCl] and [PbCl]
- 
, 
respectively. The vibrational stretching frequencies reported for the [PbCl]
+
 species in 




 and 348 cm
-1
 for the HF, MP2 and B3LYP levels of 
theory, respectively.  
Freza et al.
89
 computationally calculated the harmonic vibrational frequencies for 
the stable PbCl2 species having C2v symmetry. Specifically, the frequency modes b2 and 
a1 were obtained at 288 cm
-1
 and 305 cm
-1
, respectively. The vibrational stretching 
frequencies reported in this thesis are 283 cm
-1
 (b2 mode) and 305 cm
-1
 (a1 mode) for 
PbCl2 (C2v symmetry) calculated at the HF level of theory. Our HF results are in excellent 
agreement with the values obtained by Freza et al.
89
.The MP2 optimized vibrational 
stretching frequencies obtained for PbCl2, constrained under C2v symmetry, in this thesis 
are 290 cm
-1
 (b2 mode) and 309 cm
-1 
(a1 mode). The B3LYP optimized vibrational 
stretching frequencies for PbCl2 reported in this thesis are 273 cm
-1
 (b2 mode) and 293 
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cm
-1
 (a1 mode). Hence, the vibrational frequencies obtained at the MP2 and B3LYP levels 




The anhydrous trichlorolead (II) complex, [PbCl3]
-
 was found to be the most 
stable with C3v symmetry. This species was characterized and found to have the following 
vibrational frequencies at the HF level of theory: 216 cm
-1
 (e mode) and 251 cm
-1
 (a1 
mode). The MP2 optimized vibrational frequencies for [PbCl3]
-
 with C3v symmetry were 
231 cm
-1
 (e mode) and 260 cm
-1
 (a1 mode). Furthermore, the B3LYP optimized 
vibrational frequencies for [PbCl3]
-
 at C3v symmetry reported in this thesis are: 212 cm
-1
 
(e mode) and 242 cm
-1
 (a1 mode). These results are in close agreement with the frequency 
values reported by Freza et al.
89
 for the [PbCl3]
-
 structure having C3v symmetry. 
Specifically, these vibrational frequency values included 226 cm
-1
 (e mode) and 254 cm
-1
 
(a1 mode).  
The anhydrous tetrachloro complex, [PbCl4]
2-
, was found to be the most stable 
with Td symmetry. The HF optimized vibrational frequencies obtained for this [PbCl4]
2-
 
complex are: 133 cm
-1
 (b2 mode), 133 cm
-1
 (e mode) and 180 cm
-1
 (a1 mode). The MP2 
optimized vibrational frequency values for Td constrained [PbCl4]
2-





(e mode) and 190 cm
-1
 (a1 mode). The B3LYP optimized vibrational 
frequencies obtained for the [PbCl4]
2-
 species constrained under Td symmetry are: 140 
cm
-1
 (b2 mode), 140 cm
-1
 (e mode) and 178 cm
-1
 (a1 mode). Freza et al.
89
 calculated 
vibrational frequencies for the [PbCl4]
2- 
complex constrained under Td and C3v 
symmetries. Specifically, the vibrational frequencies obtained for the [PbCl4]
2- 
complex 
constrained under Td symmetry are: 143 cm
-1
 (t2 mode) and 186 cm
-1
 (a1 mode). The 
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reported frequency values for the [PbCl4]
2- 
complex constrained to have C3v symmetry are 
128 cm
-1
(e mode), 154 cm
-1
 (a1 mode) and 226 cm
-1
 (a1 mode).  
 
Table 5: Stretching vibrational frequencies comparison of anhydrous chlorolead (II) 
















 Our Results 
MP2 
 
HF MP2 B3LYP 
PbCl
+ 
C∞v - 361 (σg) 363 (σg) 348 (σg) 
PbCl C∞v 289 (σg) - - - 
PbCl
-


























143 (t2)  
186 (a1)  
133 (t2)  
180 (a1)  
148 (t2)  
189 (a1)  
140 (t2)  
178 (a1)  
 
The vibrational frequencies reported by Freza et al.
89
 are slightly different in value 
compared to the results reported in this thesis and can be attributed to the fact that Freza 
et al.
89
 utilized different pseudopotential (LANL2DZ) basis set, while the SDD basis set 
was utilized in this thesis. Please refer to a Table 5 for comparison purposes (our 
vibrational frequency data vs. Freza et al.
89
 frequency results). 
Plots containing the Pb-O and Pb-Cl bond lengths and the vibrational stretching 
frequencies have been created and can be found in Figures 14 to 16. From these plots a 
general trend can be determined, where increasing the number of coordinated water 
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molecules around the central lead atom results in increase of the Pb-O and Pb-Cl bond 
lengths. This general trend can be accounted for an increase in the ligand-ligand repulsion 
when the number of water ligands is increased. However, when the number of 
coordinated chloride ligands is increased, there is a greater tendency for ligand 
dissociation (water and chloride) to occur, with subsequent hydrogen bonding to a 
neighboring chloride and/or water in coordinated molecules. These observed trends are 
consistent with the theoretical/computational predictions made by Freza et al.
89
 where it 
was shown that in an aqueous environment chloroplumbate anions with a valence of more 
than two can occur, while, the highest ionic valence for the electronically stable 
anhydrous species is two (for example PbCl4
2-
). Such findings have been attributed to the 
repulsive electrostatic interactions which prevent the formation of highly charged 
chloroplumbate anions (PbCly
x
) in the gas phase. These are substantially reduced in an 
aqueous environment due to the strong ion-dipole stabilizing interactions that can occur in 
such conditions. A similar effect on the stability of multiply charged anions when the 




Vibrational stretching frequency plots accompanying the bond length plots in 
Figures 14-16. An inverse relationship between the bond length and the magnitude of the 
associated vibrational frequency is observed. That is, as more water molecules are added 
to the complex there is a decrease in the vibrational stretching frequency values. The 
explanation of such behavior is attributed to the elongation of the bond lengths. This 
reduces the stabilization of a given species (slightly increasing the total energy), thus 
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making bond distances longer. In turn, less energy is needed for a bond to stretch 
vibrationally, ultimately resulting in a lower frequency of vibration.  
Simulated polarized Raman plots have been constructed based on intensities 
calculated at the HF level of theory. These can be found in Figure 4A-1 in the 
Supplementary Materials section. Currently, there is no Raman data found in the literature 
and hence cannot be compared. However, the ultimate goal is to compare the simulated 
Raman intensities generated in this work with experimental Raman studies that will be 
completed by our colleagues at the University of Guelph in Ontario. Subsequently, the 
computationally-calculated Raman intensities will be utilized to confirm or refute any 
ambiguous experimental Raman data. At the present time there is no experimental data 
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Figure 14: Pb-O (solid line) and Pb-Cl (dashed line) bond lengths and vibrational 
stretching frequencies for [PbClm(H2O)n]
2-m
, where m =1 - 4, n = 0 - (6-m), calculated at 
the HF/SDD/6-311+G* level of theory. 
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Figure 15: Pb-O (solid line) and Pb-Cl (dashed line) bond lengths and vibrational 
stretching frequencies for [PbClm(H2O)n]
2-m
, where m =1 - 4, n = 0 - (6-m), calculated at 
the MP2/SDD/6-311+G* level of theory. 
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Figure 16: Pb-O (solid line) and Pb-Cl (dashed line) bond lengths and vibrational 
stretching frequencies for [PbClm(H2O)n]
2-m
, where m = 1 - 4, n = 0 - (6-m), calculated at 
the B3LYP/SDD/6-311+G* level of theory. 
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Chapter 5: Hydroxylead (II) Complexes 
 
 Hydroxylead (II) complexes are metal-ligand corrosion products predicted to form 
under extreme temperature and pressure conditions within the supercritical water-cooled 
reactor (SCWR). No detailed investigation of all possible stable hydroxylead (II) 
complexes has been documented up until now. This thesis summarizes the very first 
catalogue of systematically optimized hydroxylead (II) complexes and the very first 
catalogue of computationally predicted vibrational spectra of each stable lowest energy 
minima structure. This chapter includes computational results and a discussion of the 
hydroxylead (II) complexes, up to and including six-coordinate species, 
[Pb(OH)m(H2O)n]
2-m
, where m = 1-4, n= 0- (6-m). 
5.1 Literature Review 
 
Lead is widely scattered throughout our ecosystem as a result of its continuing 
industrial use.
92,93
 The common oxidation state of lead (Pb (II)) is highly mobile in nature, 
and thus presents a serious health hazard to all living species.
93
 The importance of 
understanding the mechanism of lead transport in the natural environment has been a 




At high pH, Pb (II) is largely hydrolyzed to Pbp(OH)q
(2p-q)+ 
(both mononuclear 
(p=1) and polynuclear (p>1) species).
93,95 
In 1969, Spiro et al.
96
 hydrolyzed a lead (II) 
perchlorate solution isolating a compound of composition Pb6O(OH)6(ClO4)4
.
H2O, which 
was subsequently crystalized and characterized by single-crystal X-ray diffraction. 
Discrete hexanuclear complexes, [Pb6O(OH)6
4+
], were identified in the structure, with 
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lead atoms at the corners of three face-sharing tetrahedral, thus forming the boat-shaped 
metal atoms clusters. That is, 4 lead atoms are found in the central tetrahedron while the 
remaining two lead atoms cover two of the tetrahedral faces.
96.
The structural arrangement 
of the hexanuclear cluster was predicted a priori from Raman spectroscopic data to be 
octahedral.
96
 Following the study by Spiro et al.
96
, Johansson and Olin
97
 performed an X-
ray scattering study on hydrolyzed lead (II) perchlorate solutions. The scattering data 
revealed a tetrahedral arrangement of the lead atoms within the polynuclear hydrolysis 
complex. The structures of these complexes were in close agreement with the previously 
reported discrete hexa-nuclear complex, [Pb6O(OH)6
4+
], reported by Spiro et al.
96
 
Inspired by the previous research of Spiro et al.
96
, where the α-form of the 
[Pb6O(OH)6](ClO4)4
.
H2O crystal was investigated, Olin et al.
98
 probed the β-form of the 
very same crystal. Olin et al.
101 
utilized X-ray diffraction spectroscopy to determine the 
crystal structure of β-[Pb6O(OH)6](ClO4)4
.
H2O. The crystal was identified as having an 
orthorhombic lattice. Within the β-[Pb6O(OH)6](ClO4)4
.
H2O crystal structure, discrete 
[Pb6O(OH)6
4+
] units were identified, with six lead atoms arranged at the corners of three 
distorted tetrahedral connected to each other by common faces.
98
 The oxygen atom were 
arranged at the center of the central tetrahedron, while the outer unit contained hydroxide 
oxygen atoms outside each of the six unshared faces. These discrete six-nuclear units, 
[Pb6O(OH)6
4+
] were identical to the ones identified within the α-[Pb6O(OH)6](ClO4)4
.
H2O 
crystal identified by Spiro et al.
96. 
In 1973, Hong and Olin
99
 determined the crystal structure of 
[Pb4(OH)4]3(CO3)(ClO4)10
.
6H2O utilizing X-ray diffraction spectroscopy. The crystal was 
identified as being of hexagonal symmetry and composed of discrete slightly distorted 
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tetrahedral [Pb4(OH)4
4+
] units with four lead ions (Pb
2+
) occupying its corners, while 
hydroxide (OH
-
) groups were located outside the given unit. Hong and Olin
99
 concluded 
that the observed atomic distances between the perchlorate groups and the [Pb4(OH)4
4+
] 
units are in a close agreement with the bond distances of α- and β-
[Pb6O(OH)6](ClO4)4
.
H2O obtained by Spiro et al.
96
 and Olin et al.
98
 respectively. The 
average Pb-O bond distance obtained for solid [Pb4(OH)4
4+
] was 2.38 Å. Hence, Hong 
and Olin
99
 concluded that two [Pb4(OH)4
4+
] units may combine to form a six-nuclear unit 
building block, [Pb6O(OH)6
4+
], obtained in both the α- and β-[Pb6O(OH)6](ClO4)4
.
H2O 
complexes with two lead centres and one oxygen in common.
99.  
In 1974, Hong and Olin
100
 reported the crystal structure of 
[Pb4(OH)4](ClO4)4
.
2H2O. The crystal structure was determined by X-ray diffraction. 
Discrete [Pb4(OH)4
4+
] units were identified in the structure, with each having slightly 
distorted tetrahedral geometries. The authors noted that the very same [Pb4(OH)4
4+
] unit 
had been identified in a previous study involving [Pb4(OH)4]3(CO3)(ClO4)10
.
6H2O. The 
locations of the lead atoms (located at the corners of a tetrahedron) and the hydroxide 
groups (located outside the faces of the tetrahedron) within the [Pb4(OH)4
4+
] units were 





6H2O. The Pb-O bond lengths within the [Pb4(OH)4
4+
] units 
were identified to be in the range of 2.35 and 2.47 Å, depending on the lead and oxygen 
atoms involved in the bonding. 
 Baes and Mesmer
95
 concluded, based on their comprehensive review, that the 
highest possible coordination number of a hydrolyzed mononuclear lead (II) complex to 
be three, with the resulting Pb(OH)3
- 
structure. Specifically, at a Pb (II) concentration of 
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approximately 10 μM, Pb(OH)q
(2-q)+
 species with q≤3 and Pb3(OH)4
2+
 were identified. 
However, Perera et al.
93
 suggested further investigation of the highest mononuclear 
complexes was necessary. Perera et al.
93
 utilized UV-Vis spectrophotometric- 
potentiometric titrations to probe the Pb (II)/OH
-
 system within NaClO4 media at [Pb 
(II)]T ≤ 10µM. At low pH, Pb (II) was hydrolyzed into Pbp(OH)q
(2p-q)+
 with the possibility 
of its existing as a mononuclear species where p = 1 or a polynuclear species where p is 
greater than 1. At pH ≤ 10.4, absorbance from 216 to 300 nm confirmed the existence of 








. At higher pH, one more 
species, Pb(OH)4
2-
 was detected. The highest coordination number for a hydrolyzed 
mononuclear lead (II) complex was identified to be Pb(OH)4
2-
. No evidence was found 
for higher order complexes nor for the existence of any polynuclear species at [Pb(II)]T ≤ 
10µM. It was concluded, that the important species that are present within our biosphere 








. A Pb-NMR study and 
Raman spectroscopy utilized to investigate the Pb(II)/OH
-
 systems gave only semi-
quantitative confirmations, indicating that these methods are not suitable for such 
investigation. Perera et al.
93
 argued that Baes and Mesmer’s model
95
 was underestimated 
with respect to the highest mononulcear species and overestimated with respect to the 
polynuclear species at [Pb (II)]T ≤ 10µM.  
Based on the literature review, the highest coordination number studied for the 
anhydrous hydroxylead (II) species in this thesis is four.  
Breza et al.
94
 utilized Gaussian 94 software to probe the molecular geometries of 
the [Pb4 (µ3-OH)n]
q
 and [Pb4O (µ3-OH)n]
q-2 
complexes (where q = 8-n and n= 2, 3, 4), 
subsequently followed by investigation of species where the µ3-OH bridges were 
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removed. Computational calculations were done at the HF, MP2 and B3LYP levels of 
theory coupled to basis sets, cc-pVDZ for O and H atoms and LANL2DZ effective core 
potential for Pb. Geometry optimization revealed the highest symmetry for [Pb4(µ3-
OH)4]
4+
 and [Pb4O (µ3-OH)4]
2+
 to be Td (tetrahedral structures), while the highest 




 was C3v. The Pb-O bonds 










were found to be unstable, which was attributed to 
their insufficient number of µ3-OH bridges, needed to hold the tetrahedral complexes 
together. The Pb-O bond lengths reported for [Pb4(µ3-OH)4]
4+
 were identified as 2.41 Å, 
2.42 Å and 2.44 Å at the HF, MP2 and B3LYP levels of theory, respectively. The Pb-O 
bond lengths of [Pb4(µ3-OH)3]
5+
 were identified as 2.45 Å, 2.48 Å and 2.48 Å at HF, MP2 
and B3LYP levels respectively.  
Gourlaouen et al.
81
 computationally probed the complex [Pb(OH)]
+
, the most 
likely Pb (II) species besides [Pb(H2O)]
2+
 to be present in our atmosphere. The driving 
force behind this research was unravelling the molecular significance of the Pb
2+
 ion as a 




utilized Gaussian03 to perform 
calculations at the HF and B3LYP levels of theory coupled to different basis sets (6-
31++G* for the O and H atoms; scalar relativistic pseudo potentials LANL2DZ and SDD 
(large core relativistic pseudo potentials), as well as CRENBS were used to describe 
Pb
2+
). For the sake of comparison, all-electron (AE) calculations were performed utilizing 




 The four-component 
calculations were performed using DIRAC code,
102
 subsequently utilizing DB3LYP/AE 
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(Dirac-Hybrid Density Functional all electron calculations)
103
. Furthermore, Gourlaouen 
et al.
81 
performed population analysis (natural bond orbital (NBO) and atoms in molecule 
calculations (AIM) with the objective to gain a more detailed understanding of the 
bonding nature (covalent or electrostatic) between the Pb
2+
 cation and the OH
-
 ligand. 




the population analysis, Gourlaouen et al.
81
 suggested covalent bonding 
between the Pb
2+
 cation and the OH
-
 ligand. The authors also emphasized that up until 
this study no spectroscopic data (rotational or vibrational) had been reported for the 
[Pb(OH)]
+
 complex. Geometry optimization showed [Pb(OH)]
+ 
to be the lowest energy 
minima for the C∞v (linear structure) and for the Cs (bent structure), largely depending on 
the computational method utilized. The [Pb(OH)]
+
 complex preferred C∞v symmetry at all 
HF levels except HF/LANL2DZ, which preferred Cs symmetry. However, all MP2 and 
B3LYP levels identified the lowest energy minima as a bent structure (Cs), except the 
B3LYP/SDD level where the linear structure (C∞v) was preferred. The authors observed a 
very small inversion barrier from the Cs structure to the C∞v structure, implying that such 
a small barrier could be overcome at high temperatures. The SDD and CRENBS 
optimized geometries for [Pb(OH)]
+
 were in close agreement with one another (especially 
the Pb-O bond distance). The calculations involving population analysis, including NBO, 
AIM and ELF, gave results that are in very close agreement with one another as well. 
SDD and CRENBS basis sets were identified as a great choice for calculating the 
molecular geometries of the [Pb(OH)]
+
 complex. On the other hand, Gourlaouen et al.
81 
advised against utilization of the LANL2DZ basis set, since it showed non-precise 
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reproduction of DB3LYP/AE (Dirac-B3LYP level of theory with all-electron (AE) 
calculations) offering unreliable results. This was attributed to the small expansion 





 This chapter includes computational results and discussion regarding molecular 
optimization of hydroxylead (II) complexes with maximum 4 hydroxide (OH) ligands up 
to and including hexa-coordinated species. Water molecules were added to investigate 
how hydration influences the stability of a given species. Total energies are summarized 
in Tables 5A.1-5A.9 of the supplementary material section and include all 27 levels of 
theory investigated. These 27 levels include HF, MP2 and B3LYP coupled to the basis 
sets, CEP-121G, LANL2DZ and SDD for Pb and 6-31G*, 6-31+G* and 6-311+G* for H 
and O. However, the results reported and discussed in sections 5.2 and 5.3 of this thesis 
are the only those involving SDD/6-311+G*. Large core pseudo potential SDD was 
chosen based on a previous, successful computational study involving the lead cation 
(Pb
2+
) coordinated to ligands containing hydrogen and oxygen atoms.
21
 The optimized 
geometries presented here are those found for the lowest energy minima at MP2 and 
B3LYP/6-311+G*/SDD levels, unless other local minima were obtained with 
significantly different geometries. These are shown in Figure 17, Figure 18 and Figure 19 
for the monohydroxy- , dihydroxy- and trihydroxylead (II) complexes, respectively. All 
calculations were carried out at 0 Kelvin, in the gas phase. 
 The coordination number of the hydroxide ligands was limited to four or less. 
However, stable structures were found for the anhydrous hydroxide complexes up to and 
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including the trihydroxyspecies [Pb(OH)3]
-
. The anhydrous tetrahydroxo complex, 
[Pb(OH)4]
2-
, showed dissociation of one hydroxide (OH
-
) ligand, and an affinity to exist 
as ion pair. A stable structure for this ion pair complex was not found. The anhydrous 
hydroxide complexes were further hydrated and investigated up to and including hexa-
coordinated species. Hydration was performed to investigate whether addition of water 
perturbs the stability of a given complex. 
The hydrated monohydroxylead (II) complexes were stable up to and including 
the penta-coordinate species, [Pb(OH)1(H2O)4]
+
. Geometry optimization of the hexa-
coordinated species of [Pb(OH)1(H2O)5]
+ 
resulted in the dissociation of one water 
molecule. The diaquadihydroxolead (II) complex, [Pb(OH)2(H2O)2]
0
 , was identified as 
the lowest energy minima structure for the hydrated dihydroxylead (II) complexes. All of 
the other hydrated dihydroxolead (II) complexes were found to be unstable with 
dissociation of one or more water ligands (depending on the level of theory investigated). 
No stable structures were found for either the trihydroxylead (II) complexes or the 
tetrahydroxylead (II) complexes when water ligands were added. All of these tri- and 
tetra- hydroxolead (II) species showed dissociation of hydroxide (OH
-
) and/or water 
(H2O) ligands from the rest of the molecule. 
 The anhydrous monohydroxo complex, [Pb(OH)]
+
, preferred the linear C∞v 
structure at all levels of theory (HF, MP2 and B3LYP). 
 The monohydrate, [Pb(OH)(H2O)]
+
 was initially investigated under the 
constraint of C2v symmetry. Desymmetrization of [Pb(OH)(H2O)]
+ 
was performed along 
the imaginary skeletal deformation modes, B1 and B2, to Cs #1 and Cs #2 respectively. The 
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most stable geometry for the monohydrate, [Pb(OH)(H2O)]
+
, was Cs #1 at the HF, MP2 
and B3LYP levels of theory. 
 The dihydrate, [Pb(OH)(H2O)2]
+
, was initially constrained at C2v symmetry (two 
forms). The C2v #1 structure was lower in symmetry and was subsequently 
desymmetrized along the imaginary modes B1 and B2 to Cs #1 and Cs #2 respectively. The 
most stable structure (the lowest energy structure) for [Pb(OH)(H2O)2]
+
 was proven to be 
Cs #1 at all of the levels of theory investigated (HF, MP2 and B3LYP).  
 The trihydrate, [Pb(OH)(H2O)3]
+
, was investigated under the constraint of C3v 
symmetry (two forms). The lower energy structure, C3v #1, was desymmetrized along the 
imaginary skeletal deformation E mode to Cs symmetry (two forms). These Cs structures 
were further desymmetrized along the imaginary A” frequency mode to C1, #1 and #2 
structures. C1 #1 and C1 #2 structures converged into the same C1 conformation. The most 
stable (the lowest energy minima) structure for [Pb(OH)(H2O)3]
+
 was found to be Cs, #1 
at HF, C1 at both MP2 and B3LYP levels of theory.  
 The tetrahydrate, [Pb(OH)(H2O)4]
+
, was initially investigated under the 
constraint of C4v symmetry (two forms). The lower energy structure, C4v #1, was 
desymmetrized along the imaginary water twisting (A2) and the skeletal deformation (E) 
frequency mode, to C4 and Cs symmetry, respectively. All of these structures contained 
imaginary frequencies, suggesting further desymmetrization was required. Hence, Cs was 
reverted along the imaginary A” frequency mode to C1 symmetry. The results gave all real 
(positive) frequencies at all levels of theory. However, even though the HF optimized 
geometry of [Pb(OH)(H2O)4]
+
 contained all positive frequencies, the resulting structure 
suggested dissociation of one H2O ligand, which was hydrogen bonded to a neighbouring 
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water molecule. Hence, at C1 symmetry [Pb(OH)(H2O)4]
+
 was stable at the HF level of 
theory, although through the secondary hydration shell. Secondary hydration shell 
stabilization is not of interest of this thesis. On the other hand, C1 symmetry of 
[Pb(OH)(H2O)4]
+
, was found to be at the lowest energy minima and fully attached at both 
MP2 and B3LYP levels of theory.  
  The pentahydrate, [Pb(OH)(H2O)5]
+
, was primarily investigated under C2v 
symmetry (4 forms). The lowest energy structure, C2v #1, was desymmetrized along the 
imaginary water twisting (A2) and skeletal deformation (B1 and B2)  frequency modes to 
the C2, Cs #1 and Cs #2 structures, respectively. The lowest energy structure, Cs #2, was 
desymmetrized along the imaginary A” mode, to C1 symmetry. HF and MP2 optimization 
of the C1 structure indicated stabilization through the secondary shell, characterized by 
real (positive) frequency modes and dissociation of one or more water ligands. These are 
hydrogen bonded to the remaining [Pb(OH)(H2O)3]
+
 complex. Geometry optimization 
was skipped for C1 symmetry at the B3LYP level of theory due to dissociation of ligands. 
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                                                        C∞v 
 Cs  #1* 
 




                                                 C1 
 
                                                   C1 
 
 
                                                             C1
a
 
Figure 17: Optimized MP2 and B3LYP geometries for stable structures of 
[Pb(OH)m(H2O)n]
2-m
, where m=1 and n=0- (6-m). All symmetries marked with a “*” 
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 The anhydrous dihydroxo complex, [Pb(OH)2]
0
, was initially constrained under 
D∞h symmetry. The resulting D∞h structure had imaginary Πu, which suggests 
desymmetrization had occurred to C2v symmetry. The C2v form of [Pb(OH)2]
0
 was stable 
and fully attached at all of the levels of theory investigated (HF, MP2 and B3LYP). 
 The monohydrate, [Pb(OH)2(H2O)]
0
, was initially investigated under C2v 
symmetry constraint (2 forms). Both forms were characterized by negative imaginary 
frequencies and dissociation of one water ligand, implying unstable structures. No further 
desymmetrization of [Pb(OH)2(H2O)]
0 
was performed. Hence, no stable lowest energy 
minima structure was identified for the [Pb(OH)2(H2O)]
0 
complex. 
 The dihydrate complex, [Pb(OH)2(H2O)2]
0
, was initially constrained to D2h, 
symmetry (2 forms). The lower energy structure, D2h #2, was desymmetrized along the 
imaginary stretching mode, B1g, to C2h symmetry and along the imaginary skeletal 
deformation mode, Bu, to C2v symmetry (5 forms). The C2h structure was stable, but not at 
the lowest energy minima, and was characterized by imaginary frequency modes. The C2v 
#2 and C2v #5 structures were unstable at all levels of theory with one water ligand 
detached. The C2v #4 structure was found to be unstable at the B3LYP level of theory 
with one hydroxide (OH
-
) ligand detached. The lowest energy minima structure for the 
dihydrate complex, [Pb(OH)2(H2O)2]
0
, was identified as the structure with C2v #3 
symmetry at all of the levels of theory investigated (HF, MP2 and B3LYP). 
 The trihydrate, [Pb(OH)2(H2O)3]
0
, was initially investigated under constraint of 
D3h symmetry (2 forms). The lower energy trihydrate complex, D3h #2, was 
desymmetrized to C3h symmetry along the imaginary A2’ frequency mode. The C3h 
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structure was fully attached, but contained imaginary frequency modes. The D3h #2 form 
of [Pb(OH)2(H2O)3]
0 
was also desymmetrized to C2v symmetry (3 forms) along skeletal 
deformation mode, A’. The C2v #1 structure was unstable at the HF and MP2 levels of 
theory with one water ligand dissociated. The C2v #1 structure was fully attached at the 
B3LYP level, but contained imaginary modes indicating that this was not the lowest 
energy minima structure. Furthermore, the C2v #2 and C2v #3 structures were unstable at 
the HF, MP2 and B3LYP levels of theory, thus resulting in dissociation of one or two 
water ligands, depending on the level of theory investigated. The D3h form of 
[Pb(OH)2(H2O)3]
0
 was also desymmetrized along the imaginary skeletal deformation E” 
mode to Cs symmetry. The Cs symmetry structure was unstable at all levels of theory, 
resulting in dissociation of one water molecule. Hence, no lowest energy minima 
structure was identified for the [Pb(OH)2(H2O)3]
0 
complex. 
 The tetrahydrate complex, [Pb(OH)2(H2O)4]
0
, was initially constrained under D4h 
symmetry (2 forms). Interestingly, the D4h #1 form was found to be unstable at the 
B3LYP level resulting in the dissociation of 4 water ligands. Hence, the lower energy 
form, D4h #2, was reverted along the water wagging mode, A2g, to C4h. The C4h symmetry 
of [Pb(OH)2(H2O)4]
0
 was fully attached, but contained imaginary levels of theory. Hence, 
D4h #2 was reverted along the skeletal deformation Eu mode to C2v symmetry. The C2v 
structure was unstable resulting in the dissociation of 2 water ligands. The C4h structure 
was reverted to a Cs structure along the imaginary skeletal deformation Eu mode. 
However, no energetics were obtained for the Cs structure at the HF, MP2 and B3LYP 
levels of theory, since these levels of calculations were skipped due to dissociation. 
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Hence, no lowest energy minima structure was identified for the [Pb(OH)2(H2O)4]
0 
complex. 
       
                                                        
                                                    C2v 
C2v #3 
Figure 18: Optimized MP2 and B3LYP geometries for stable structures of 
[Pb(OH)m(H2O)n]
2-m
, where m=2 and n=0- (6-m). All MP2 and B3LYP optimized 
geometries are nearly identical. 
 
 Many stable (fully attached) geometries were found for the anhydrous trihydroxo 
lead (II) complexes, [Pb(OH)3]
-
, with the highest symmetry being D3h and the lowest 
symmetry being C3. The anhydrous [Pb(OH)3]
-
 complex was reverted from D3h symmetry 
along the imaginary skeletal deformation, A2”, to C3v and along the hydroxide wagging 
mode, A2’, to the C3 structure. Both the C3h and C3v structures were stable, however, they 
both contained imaginary frequency modes, suggesting further desymmetrization was 
necessary. Hence, the C3v structure was desymmetrized along the imaginary hydroxide 
twisting mode, A2, to the C3 structure, which proved to be the most stable (lowest energy 
minima structure) at all of the levels investigated (HF, MP2 and B3LYP). 
 The monohydrate, [Pb(OH)3(H2O)]
-
 was initially investigated at the highest 
symmetry, C2v (2 forms). Geometry optimization of the C2v #1 structure was skipped due 
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to dissociation of a water ligand at the HF level of theory. However, the MP2 and B3LYP 
levels could be optimized for C2v #1, but resulted in dissociation of one water ligand. The 
dissociated ligand was a hydrogen bond acceptor (oxygen from the dissociated water is 
hydrogen bonded to two adjacent attached hydrogens). On the other hand, 
[Pb(OH)3(H2O)]
-
 constrained under C2v #2 symmetry was found to be stable at all of the 
levels of theory investigated, but contained imaginary frequencies. Hence, 
[Pb(OH)3(H2O)]
- 
was desymmetrized from C2v #2 along the imaginary skeletal 
deformation modes, B1 and B2, to symmetries Cs #1 and Cs #2 respectively. The C2v #2 
structure was also desymmetrized along the imaginary water twisting mode, A2, to C2. All 
three, C2, Cs #1 and Cs #2, symmetry structures of [Pb(OH)3(H2O)]
-
, were unstable at all 
levels of theory, resulting in dissociation of the water ligand. In case of Cs #1 geometry 
optimization was simply skipped at the MP2 and B3LYP levels due to dissociation. Based 




 The dihydrate, [Pb(OH)3(H2O)2]
-
, proved to be unstable at the highest symmetry 
constraint, that is at C2v (2 forms). Geometry optimization for the C2v #1 form of 
[Pb(OH)3(H2O)2]
-
 was skipped at all levels of theory (HF, MP2 and B3LYP) due to the 
dissociation of ligands. The C2v #2 structure resulted in dissociation of one hydroxide 
(OH
-
) ligand at all levels of theory. Hence, no further desymmetrization of the C2v 






, initially constrained under C3v symmetry (4 
forms). Two forms of the C3v symmetry products were oriented in a prismatic 
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conformation and the other two in an anti-prismatic conformation. Geometry 
optimizations of the C3v #1 and C3v #3 structures (prismatic and anti-prismatic with 
dihedral hydrogen (from H2O) angles of 0.0° and 180.0°) were both skipped at all of the 
calculation levels due to dissociation of ligands. On the other hand, the C3v #2 and C3v #4 
structures (prismatic and anti-prismatic with dihedral hydrogen angles (from H2O) being 
of 90.0° and -90.0°) were found to be unstable with 3 water ligands dissociated form the 
central Pb
2+
 cation. These dissociated water ligands were hydrogen bonded, in a donor 
fashion, where the hydrogens from the detached water ligands are bonded to the 
neighboring oxygen atoms of attached hydroxide ligands. The C3v #2 structure was 
characterized by imaginary modes of frequency as expected. Surprisingly, the C3v #4 
form of [Pb(OH)3(H2O)3]
- 
 even though unstable was characterized by real frequency 
modes at the HF, MP2 and B3LYP levels of theory. This observation was again attributed 
to secondary hydration stabilization. Secondary hydration stabilization is not of interest in 
this thesis. Subsequently, no further desymmetrization of [Pb(OH)3(H2O)3]
- 
was 
performed. No lowest energy minima structure stabilized by a primary hydration shell 
was found for the [Pb(OH)3(H2O)3]
- 
complex. 
       C3 
Figure 19: Optimized MP2 and B3LYP geometries for stable structures of 
[Pb(OH)m(H2O)n]
2-m
, where m=3 and n=0- (6-m). All of the MP2 and B3LYP optimized 
geometries are nearly identical. 
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 The anhydrous tetrahydroxo lead (II) complex, [Pb(OH)4]
2-
, was initially 
investigated under the constraint of Td symmetry. Subsequently, the Td structure was 
desymmetrized along the imaginary skeletal deformation E mode to a D2d structure. The 
D2d structure was found to be stable but contained imaginary frequency modes implying 
that further desymmetrization was required. [Pb(OH)4]
2-
 was also reverted from Td 
symmetry along the imaginary skeletal deformation mode, T2, to C3v and C2v symmetries 
and along the imaginary water twisting mode, T1, to C3 symmetry. Geometry 
optimization was skipped for both the C3v and C3 structures at the HF, MP2 and B3LYP 
levels of theory due to dissociation of ligands. On the other hand, the C2v structure was 
found to be stable but with imaginary frequencies at the HF and B3LYP levels, while one 
hydroxide (OH
-
) ligand was observed to dissociate at the MP2 level of theory. 
Subsequently, the C2v structure was desymmetrized along the imaginary skeletal 
deformation mode, B1, to a Cs structure. The Cs structure was found to be unstable at all 
levels of theory, resulting in one hydroxide (OH
-
) ligand becoming detached. 




 The monohydrate, [Pb(OH)4(H2O)]
2-
, was desymmetrized from its highest 
symmetry, C2v, along the imaginary skeletal deformation B1 mode to Cs symmetry and 
along the imaginary water twisting mode to the C2 structure. The C2 structure was not 
optimized at the HF level of theory, because a problematic level was skipped due to 
dissociation of ligands. However, the C2 structure was optimized at the MP2 level, 
resulting in dissociation of two hydroxide ligands. The C2 structure was only stable at the 
B3LYP level, but even here it contained imaginary frequencies suggesting further 
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desymmetrization would be necessary. Geometry optimization of the Cs structure was 
skipped due to ligand dissociations at all of the levels of theory studied. Hence, no further 
desymmetrization was possible; overall the results suggest that there is no stable lowest 
energy structure for the [Pb(OH)4(H2O)]
2-
 complex. 
 The dihydrate, [Pb(OH)4(H2O)2]
2-
, was initially investigated at its highest possible 
symmetry, giving a D2h structure. The D2h structure was found to be unstable at the HF 
and MP2 levels of theory, resulting in the detachment of one hydroxide and one of the 
water ligands. However, the D2h structure of [Pb(OH)4(H2O)2]
2-
 was found to be stable at 
the B3LYP level, but with imaginary frequencies. Subsequently, the D2h structure was 
reverted, along the skeletal deformation modes, B1u and B2u, to the C2v #1 and C2v #2 
structures, respectively. Both forms of the C2v structures were identified as unstable. All 
levels of theory were skipped for both forms of C2v structures owing to dissociation of 
some of the ligands. Again, this implies that there is no stable lowest energy minima 
structure for the [Pb(OH)4(H2O)2]
2- 
complex. 
 As mentioned earlier, no stable structures were found for the complexes with 
more than three hydroxide ligands. These complexes showed preference for the formation 
of ion pairs. Most of the levels of calculation had to be skipped due to dissociation of 
ligands, which made the calculations very difficult. Hence, these complexes will not be 
discussed further in the following section of this chapter. 
 Bond length and vibrational frequency data for the stable lowest energy 
hydroxylead (II) complexes has been tabulated in the supplementary material section. 
Based on these data, plots of Pb-O bond lengths and vibrational stretching frequencies are 
presented in Figures 20, 21 and 22 for the HF, MP2 and B3LYP levels of theory, 
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respectively. Simulated polarized Raman spectra (frequency data obtained at HF/6-
311+G*/SDD) can be found in Figure 5A.1 of the supplementary material. 
5.3 Discussion and Literature Comparison 
 
 The easiest way to confirm that the calculated geometries are reliable is to 
compare the obtained optimized geometries (stable symmetry, bond lengths, energies and 
vibrational frequencies) to literature results where they are available. The optimized 
geometries obtained for hydroxylead (II) complexes in this work are primarily confirmed 
by comparison to available data, taken mainly from the computational studies involving 
anhydrous hydroxylead (II) complexes by Gourlaouen et al.
81
 and Breza et al.
94
.  
 The highest coordination number for the anhydrous hydroxylead (II) complexes 
considered in this thesis was four, [Pb(OH)4]
2-
, as suggested by Perera et al.
93
. However, 
the obtained results indicate that the highest coordination number for a stable anhydrous 
hydroxylead (II) complex should actually be three, [Pb(OH)3]
-
, which is in agreement 
with the results obtained by Baes and Mesmer
95
 and in disagreement with the research 
finding by Perera et al.
93.
 
 The lowest energy minima structure found for the anhydrous mono-hydroxylead 
(II) complex, [Pb(OH)]
+
, reported in this thesis was C∞v for all of the levels of theory 
investigated (HF, MP2 and B3LYP). The B3LYP optimized results are consistent with 
the computational study by Gourlaouen et al.,
81
 who identified [Pb(OH)]
+
 to be the most 




 to perform ab initio calculations to optimize [Pb(OH)]
+ 
at the HF 
and B3LYP levels coupled to LANL2DZ and SDD relativistic pseudopotentials. The 
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authors emphasize that LANL2DZ basis sets gave unreliable results, while SDD based 
calculations are reliable when compared to four-component DB3LYP/AE calculations 
(refer to section 5.1 of this thesis). This non-precise reproduction of the data by 





identified the lowest energy minima of 
HF/SDD optimized [Pb(OH)]
+
 to be the Cs structure, which is characterized by a bending 
of the Pb-O-H bond angle. This is in disagreement with our findings, which indicated that 
the [Pb(OH)]
+ 
structure preferred C∞v symmetry at the HF level of theory. This 
discrepancy can be attributed to the slightly lower quality basis set (6-31+G**) used for 
the O and H atoms by Gourlaouen et al.,
81
 compared to the 6-311+G* basis set used in 
this research. The values we have calculated for the Pb-O bond lengths are 1.943 Å, 1.966 
Å and 1.963 Å for the HF, MP2 and B3LYP/6-311+G*/SDD levels, respectively. These 
Pb-O bond lengths can be found in Table 5A.10 within the supplementary materials 
section. Gourlaouen et al.
81 
calculated Pb-O bond lengths of 1.949 Å and 1.957 Å at the 
HF and MP2/6-31+G**/SDD levels, respectively. These Pb-O bond lengths are nearly 
identical to our values, obtained at the HF and B3LYP/SDD levels of theory and coupled 
to a slightly larger 6-311+G* basis set for the O and H atoms. However, Breza et al.
94
 
reported elongated Pb-O bond lengths in [Pb4(μ3-OH)4]
4+
 to be 2.413, 2.419 and 2.436 Å 
for the HF, MP2 and B3LYP levels of theory, respectively. The elongation of the Pb-O 
bonds in the [Pb4(μ3-OH)4]
4+ 
cation can be attributed to the multiple Pb atoms and OH 
ligands present (owing to higher electrostatic repulsion between atoms), as well as the 
fact that Breza et al.
94
 utilized a small-core pseudopotential (LANL2DZ) to describe the 
Pb atom and a smaller cc-pVDZ basis set for the O and H atoms. 
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 Unfortunately, no literature reports were found regarding the remaining 
hydroxylead (II) complexes which have been investigated in this study; no further 
literature comparison was thus possible. 
 It is very important to note that only the [Pb(OH)]
+
 complex was found to be 
linear (C∞v symmetry). 
 
Addition of water molecules, as well as increasing the number of 
hydroxide ligands (OH
-
) resulted in bending of the Pb-O-H angles. From the optimized 
MP2 and B3LYP geometries for hydroxylead (II) complexes with coordination number 
between 2 and 6 (both anhydrous and hydrated complexes), it was evident that ligands 
arrange themselves in sterically hindered (uneven) conformations around the central Pb
2+
 
cations. This uneven ligand coordination around a central atom gives a hemi-directed 
conformation. In other words, the hemi-directed arrangement of ligands is largely 
influenced by lone pair-ligand repulsion (stereo active Pb lone pair (6s
2
)), which prevails 
over ligand-ligand electrostatic repulsion. For the optimized MP2 and B3LYP geometries 
of the hydroxylead (II) complexes referred to in this thesis please see section 5.2 
(Figures17, 18 and 19). 
 Plots were constructed of the Pb-O bond lengths and vibrational stretching 
frequencies and can be found in Figures 20-22. Each plot suggests that there is an inverse 
relationship between the bond lengths and the corresponding vibrational frequencies. 
Specifically, as the number of water molecules, as well as number of hydroxide ions is 
increased, there is an observed elongation of the bond lengths corresponding to the 
increased coordination number. This, in turn, reduces the stabilization of species with 
higher coordination numbers. The elongation of the Pb-O bond lengths corresponds to a 
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decrease of the vibrational frequencies, due to formation of weaker Pb-O bonds, which 
require less energy to vibrate. 
The Pb-OH bonds within hydroxylead (II) complexes, [Pb(OH)m(H2O)n]
2-m
 with 
m = 1-4 and n = 0- (6-m), investigated in this thesis are significantly shorter than the bond 
lengths in Pb-OH2 complex, due to the stronger attraction between Pb and OH in the 
former. This was further characterized by a Pb-OH vibrational stretching frequency 
notably larger than those for Pb-OH2, by 200-400 cm
-1
 (please refer to the Pb-O bond 
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Figure 20: Pb-O bond lengths and vibrational stretching frequencies for 
[Pb(OH)m(H2O)n]
2-m
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Figure 21: Pb-O bond lengths and vibrational stretching frequencies for 
[Pb(OH)m(H2O)n]
2-m
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Figure 22: Pb-O bond lengths and vibrational stretching frequencies for 
[Pb(OH)m(H2O)n]
2-m
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 Gourlaouen et al.
81 
computationally investigated the nature of the stationary points 
encountered during the geometry optimization of [Pb(OH)]
+
 by means of vibrational 
frequency analysis within the harmonic approximation. They
 
reported the vibrational 
frequencies of [Pb(OH)]
+ 
to be 87 cm
-1
 (Pb-O stretching mode) and 623 cm
-1 
(Pb-O 
bending mode) at the B3LYP/SDD/6-31+G** level. The vibrational frequencies for 
[Pb(OH)]
+ 




 and 614.0 cm
-1
 (Pb-O 
stretching mode) at the HF, MP2 and B3LYP/SDD/6-311+G* levels, respectively. The 
vibrational frequencies obtained in this research can be found in Tables 5A.11-5A.13 in 
the supplementary materials section. Values for the Pb-O stretching mode frequencies 
obtained at the MP2 and B3LYP levels in this thesis are very similar to the Pb-O bending 
mode frequency at the B3LYP/SDD level reported by Gourlaouen et al.
81
. The HF 
frequency value obtained in this thesis is not comparable to a frequency value obtained at 
the B3LYP level of theory by Gourlaouen et al.
81
. This can be attributed to the fact that 
the HF level of theory, unlike the B3LYP level, lacks electron correlation effects, as well 
as the fact that Gourlaouen et al.
81
 utilized a smaller, 6-31+G**, basis set for the O and H 
atoms, compared to the basis set used for the O and H atoms in this thesis (6-311+G*). 
There are no other literature reports on vibrational frequency modes comparable to those 
of the remaining hydroxolead (II) complexes which have been investigated in this study; 
no further vibrational frequency comparison is possible.  
 Simulated polarized Raman spectra have been constructed based on intensities 
calculated at the HF level of theory and can be found in Figure 5A-1 of the supplementary 
materials section. These computationally obtained Raman active bands will be a valuable 
tool for interpreting experimental Raman spectra on hydroxolead (II) species, a means of 
 
  131 
confirming or negating any ambiguous experimental data. Experimental Raman 
spectroscopy on these complexes is to be performed in the near future by Dr. Peter 
Tremaine at Guelph University, Ontario. Currently, there are no literature reports 
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Chapter 6: Amminelead (II) Complexes 
 
Ammonia may be added to the supercritical water-cooled reactor (SCWR) for pH 
adjustment. Amminelead (II) complexes, [Pb(NH3)m(H2O)n]
2+
, are one type of metal-
ligand species, expected to form as corrosion products under the harsh operating 
conditions within the supercritical water-cooled reactor (SCWR). Development of an 
appropriate water control strategy for the SCWR (and the subsequent elimination of 
corrosion) relies on a thorough understanding of the formation of such metal-ligand 
complexes. Amminelead (II) complex formation requires comprehensive insight of 
ammine-lead chemistry on a molecular level. No experimental or computational literature 
reports of amminelead (II) complexes have been documented up until now. Hence, no 
comparison to the literature is possible at this moment. As a result, the discussion section 
of this chapter is limited to our findings regarding molecular geometries, bond lengths 
and vibrational stretching frequency trends.  
This thesis is the very first extensive study of amminelead (II) complexes carried 
out on the molecular level. It offers the very first comprehensive catalogue of 
computationally predicted molecular geometries for amminelead (II) complexes and their 
corresponding simulated vibrational spectra. This chapter includes computational results 
and a discussion of the amminelead (II) Complexes, [Pb(NH3)m(H2O)n]
2+
, up to and 
including six-coordinate species, where m = 1 - 6, n = 0- (6-m). 
 The lead (II) ammine complexes studied included up to hexa-coordinate species 
with and without water molecules. Based on this research, aqualead(II) complexes were 
unstable when seven water ligands were added. Ammine (NH3) ligand is neutral ligand 
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just like water (H2O), hence the coordination number of the ammine ligands was limited 
to six. Water molecules were added to the lead (II) complexes with the aim of probing the 
how hydration affects stabilities of the given complexes.  
6.1 Results 
 
 The total energies of the successfully optimized amminelead (II) complexes have 
been tabulated and can be found in Tables 6A.1-6A.9 in the Supplementary Materials 
section. These energy tables contain calculations from all 27 levels of theory studied, as 
described in Section 2.2 of this thesis. However, the molecular geometry analysis and the 
discussion are limited to the results from the HF, MP2 and B3LYP levels of calculation, 
utilizing 6-311+G* and SDD basis sets for the small atoms (H, O and N) and the large 
atom (Pb), respectively. Specifically, 6-311+G*/SDD basis set calculations were expected 
to give the most reliable results based on previous research regarding basis set 
performance (refer to a chapter 2 of this thesis). 
The optimized geometries of the stable structures can be found in Figures 23-26 
for the mono-, di-, tri- and tetraammine complexes, respectively. Pb-N and Pb-O bond 
lengths for the stable geometries of the amminelead(II) complexes have been tabulated in 
Table 6A.10 of the Supplementary Materials section. Furthermore, the Pb-N and Pb-O 
vibrational stretching frequencies of the lowest energy minima amminelead (II) 
complexes have been tabulated in Tables 6A.11, 6A.12 and 6A.13 for the HF, MP2 and 
B3LYP/6-311+G*/SDD levels of calculations, respectively. 
The anhydrous monoammine, [Pb(NH3)]
2+
, was stable in the highest possible 
symmetry, C3v, at all of the levels of theory investigated (HF, MP2 and B3LYP).  
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The monohydrate monoammine, [Pb(NH3)(H2O)]
2+
, was initially optimized to a 
Cs symmetry structure (two forms). The lower energy Cs structure was desymmetrized 
along the A” imaginary frequency mode to the lowest energy minima structure, C1, for all 
of the levels of theory investigated (HF, MP2 and B3LYP). 
The dihydrate monoammine complex, [Pb(NH3)(H2O)2]
2+
, was initially 
constrained to have Cs symmetry, but it was subsequently desymmetrized along the 
imaginary A” frequency mode to a C1 structure. The C1 structure was found to be the 
most stable conformation of [Pb(NH3)(H2O)2]
2+ 
for all of the levels of theory investigated 
(HF, MP2 and B3LYP). 
The trihydrate monoammine, [Pb(NH3)(H2O)3]
2+
 was initially optimized under 
C3v symmetry constraints (four forms). The lowest energy C3v structure was 
desymmetrized along the A2 imaginary mode, water and ammine twisting mode, to a C3 
structure and along the E imaginary mode, skeletal deformation mode, to a Cs structure. 
The C3 symmetry conformation of [Pb(NH3)(H2O)3]
2+
 was found to be at the lowest 
energy minima at B3LYP level of theory. However, the Cs structure was further 
desymmetrized along imaginary A” frequency mode to a C1 structure. Ultimately, the C1 
structure of was found to be the most stable (the lowest energy minima) at all of the levels 
of theory investigated (HF, MP2 and B3LYP).  
The tetrahydrate monoammine complex, [Pb(NH3)(H2O)4]
2+
 was initially 
optimized under the highest possible Cs symmetry constraints (two forms). The lower 
energy structure was desymmetrized along the A” frequency mode, a structural 
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was found to be at the lowest energy minima (the most stable structure) for all of the 
levels of calculations carried out (HF, MP2 and B3LYP). 
The pentahydrate monoammine complex, [Pb(NH3)(H2O)5]
2+
, was primarily 
investigated under the constraint of Cs symmetry (two forms). The Cs structure was 
subsequently desymmetrized along an imaginary skeletal deformation mode, A”, to a C1 
structure. The C1 structure had real frequency modes, suggesting that the structure was at 
the lowest energy minimum. However, the C1 structure also resulted in a dissociation of 
one or two H2O ligands (depending on the level of theory investigated). Further, these 
were hydrogen bonded to a neighboring attached water molecule. Hence, the C1 
conformation of [Pb(NH3)(H2O)4]
2+
 was stabilized through the secondary hydration shell. 
Secondary hydration shell stabilization is not of interest in this thesis and shall not be 
discussed any further. The highest overall coordination number for a stable hydrated 
monoammine lead (II) structure was determined to be five, with [Pb(NH3)(H2O)4]
2+
 being 
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Figure 23: Optimized MP2 and B3LYP geometries for stable structures of 
[Pb(NH3)m(H2O)n]
2+ 
complexes, where m =1, n =0 - (6-m). 
"a"
 indicates one only stable at 
the B3LYP level. 
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 The anhydrous diammine, [Pb(NH3)2]
2+
, was initially investigated constrained 
under D3h and D3d symmetries, but these contained various imaginary frequency modes 
suggesting that desymmetrization to lower symmetry structures was required. 
Subsequently, the following lower symmetry structures were attempted, D3, C2v and C2. 
[Pb(NH3)2]
2+ 
ultimately preferred C2 symmetry at the HF and MP2 levels of theory (the 
lowest energy minima structures). On the other hand, the C2 structure was not preferred at 
the B3LYP level of theory and was characterized by an imaginary frequency (B) 
suggesting that a lower symmetry structure was required. Hence, the C1 conformation of 
[Pb(NH3)2]
2+ 
was found to be the most stable at the B3LYP level of theory. In conclusion, 
[Pb(NH3)2]
2+ 
 under the constraint of C2 symmetry was the most stable form at the HF and 
MP2 levels of theory, while the C1 structure prevailed at the B3LYP level. 
 Four different structures of C2v symmetry were studied for the monohydrate 
complex, [Pb(NH3)2(H2O)]
2+
. All of the C2v structures were characterized by imaginary 
frequencies suggesting desymmetrization should be applied. The lower symmetry 
structures, Cs #1, Cs #2 and C2 were attempted based on the imaginary frequency modes 
(B1, B2 and A2 respectively). The presence of new imaginary frequency modes indicated 
that further desymmetrization was required. In conclusion, [Pb(NH3)2(H2O)]
2+
 ultimately 
preferred the C1 symmetry structure at all of the levels of theory investigated (HF, MP2 
and B3LYP).  
 The dihydrate, [Pb(NH3)2(H2O)2]
2+
, was initially investigated under the constraint 
of C2v symmetry (four forms). The presence of imaginary frequency modes suggested 
desymmetrization to lower symmetries with the aim of finding the lowest energy minima 
structure. Two forms of Cs symmetry were investigated, based on B1 and B2 imaginary 
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modes, respectively. The C1 conformation of [Pb(NH3)2(H2O)2]
2+
 was the most stable (at 
the lowest energy minima) for all of the levels of theory investigated (HF, MP2 and 
B3LYP). 
 Four different D3h symmetry structures were initially attempted for the trihydrate, 
[Pb(NH3)2(H2O)3]
2+
. The D3h symmetry structures were characterized by various 
imaginary frequency modes, thus hinting that the lowest energy minima structure would 
be found at lower symmetry. Subsequently, the following lower symmetry structures 
were attempted: D3, C3v, C3, C2v and C2. All of these resulting structures were found to be 
fully attached, but contained imaginary frequency modes suggesting that further 
desymmetrization should be carried out. The Cs structure was desymmetrized from the 
C2v structure along the B1 frequency mode. The final Cs structure had one water molecule 
fully dissociated at all of the levels of theory investigated. Even though, the Cs symmetry 
of [Pb(NH3)2(H2O)3]
2+
 was characterized by imaginary frequency modes, no further 




 For the tetrahydrate complex, [Pb(NH3)2(H2O)4]
2+
, high symmetry structures, 
trans C2h (two forms) and C2v (four forms) were initially studied. All of the resulting 
structures contained imaginary frequency modes suggesting that desymmetrization 
(lowering of the symmetry) would be required. The energetically preferred C2v structure 
was desymmetrized along the imaginary A2 frequency mode, a water and ammine 
twisting mode, to a structure of C2 symmetry. [Pb(NH3)2(H2O)4]
2+
 was found to be at the 
lowest energy minima (the most stable) when constrained under C2 symmetry at the HF 
and MP2/6-311+G*/SDD levels. [Pb(NH3)2(H2O)4]
2+ 
was also found to be stable at the 
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B3LYP/6-311+G*/SDD level, and it was characterized by real frequency modes. 
However, the resulting structure at the B3LYP level of theory was detached and the 
overall stabilization of the structure was attributed to a secondary shell stabilization of the 
detached ligands. Specifically, dissociation of two water ligands was observed, these were 
hydrogen bonded in an acceptor fashion (oxygen from the detached water molecules 
accepted hydrogen bonds from the hydrogen atoms of the neighboring attached ammine 
(NH3) ligand). Secondary shell stabilization is not of interest of this thesis and will not be 
discussed any further.  
                       
                                                       C2* 
  
                                                              C1
a
 
                      
                                                           C1 
 
                                                                 C1 
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   C2* 
Figure 24: Optimized MP2 and B3LYP geometries for the stable complexes of 
[Pb(NH3)m(H2O)n]
2+
, where m = 2, n = 0 - (6-m). "*" indicates a structure only stable at 
the MP2 level of theory, "
a
" indicates one only stable at the B3LYP level. 
 
 The anhydrous triammine species, [Pb(NH3)3]
2+
, was initially assigned at C3v 
symmetry (two forms). The lower energy structure was desymmetrized along the 
imaginary A2 frequency mode, a water and ammine twisting mode, to a C3 symmetry 
structure. Ultimately, [Pb(NH3)3]
2+
, was found to be the most stable when optimized with 
C3 symmetry (the lowest energy minima structure) for all of the levels of theory 
investigated (HF, MP2 and B3LYP). 
 Four different structures of Cs symmetry were probed for the monohydrate, 
[Pb(NH3)3(H2O)]
2+
, but it showed imaginary frequencies at all of the levels of theory 
used. The lowest energy, Cs structure was desymmetrized along the imaginary A” 
frequency mode to a structure of C1 symmetry. The monohydrate, [Pb(NH3)3(H2O)]
2+
, 
preferred the C1 structure (residing at the lowest energy minima of the potential energy 
surface) for all of the levels of theory investigated (HF, MP2 and B3LYP). 
 The dihydrate, [Pb(NH3)3(H2O)2]
2+
, was initially optimized under the constraint of 
Cs symmetry (4 forms). The Cs #4 structure was found to be at the lowest energy minima 
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at the HF level of theory. On the other hand, the [Pb(NH3)3(H2O)2]
2+
 results contained 
imaginary frequencies at both the MP2 and B3LYP level of theory and were subsequently 
desymmetrized along the imaginary A”, skeletal deformation, frequency mode, to a C1 
structure. The C1 structure was found to be at the lowest energy minima at both the MP2 
and B3LYP levels of theory. However, the C1 structure optimized at the MP2 level was 
stabilized through the formation of a secondary hydration shell. Specifically, the C1 
structure of [Pb(NH3)3(H2O)2]
2+ 
contained one water ligand which had dissociated and 
subsequently hydrogen bonded in a acceptor fashion (the oxygen from the detached water 
ligand is hydrogen bonded to a hydrogen of a water ligand attached to the central Pb (II) 
atom). The secondary hydration shell stabilization is not of interest and hence will not be 
discussed any further. Nevertheless, the [Pb(NH3)3(H2O)2]
2+ 
was found to be fully 
attached and at the lowest energy minimum when optimized under a C1 symmetry 
constraint at the B3LYP level of theory. In conclusion, [Pb(NH3)3(H2O)2]
2+ 
was found to 
be the most stable with Cs and C1 symmetry conformations at the HF and B3LYP level of 
theory respectively, while the MP2 optimization resulted in the formation of a structure 
containing a secondary hydration shell for stabilization. 
 Four different forms of the highest possible symmetry, C3v (two prism and two 
antiprism conformations), were probed for the trihydrate complex, [Pb(NH3)3(H2O)3]
2+
. 
All of the C3v symmetry structures were characterized by imaginary frequency modes 
requiring desymmetrization to a lower symmetry. Subsequently, the lowest energy C3v 
antiprism structure was desymmetrized along the imaginary A2 frequency mode to a C3 
structure. The C3 structure contained all real frequency modes for all of the levels of 
theory investigated (HF, MP2 and B3LYP). This in turn implies that 
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[Pb(NH3)3(H2O)3]
2+
.has the lowest in energy minima (i.e. is the most stable) when 
constrained under C3 symmetry. The HF and MP2 optimized C3 structures were fully 
attached, stable structures. However, the C3 structure at the B3LYP level of theory was 
detached, after dissociation of 3 water ligands from the central Pb(II) atom. The 
stabilization of the C3 structure at the B3LYP level of theory was attributed to the 
formation of a secondary hydration shell, hence, it will not be further discussed. In 
conclusion, [Pb(NH3)3(H2O)3]
2+
 was determined to be the most stable as a structure with 
C3 symmetry at the HF and MP2 levels of theory, while B3LYP optimization resulted in a 
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                                                            C3* 
Figure 25: Optimized MP2 and B3LYP geometries for stable complexes of 
[Pb(NH3)m(H2O)n]
2+
, where m = 3, n = 0 - (6-m). "*" indicates a structure stable at only 
the MP2 level of theory, "a" indicates one only stable at the B3LYP level. 
 
 The anhydrous tetraammine, [Pb(NH3)4]
2+
, was initially investigated with the 
highest possible Td symmetry (two forms). The Td structures are characterized as having 
imaginary frequencies modes, thus suggesting desymmetrization to lower symmetry 
structures would be required. Subsequently, the [Pb(NH3)4]
2+
 structures were investigated 
under lower symmetry constraints such including C3 and Cs symmetry. Both the C3 and 
the Cs symmetry structures were characterized by imaginary frequency modes. Hence, the 
lower symmetry structure, Cs, was desymmetrized along the skeletal deformation, A” 
frequency modes, to a C1 structure. In conclusion, [Pb(NH3)4]
2+ 
was the most stable under 
the constraint of C1 symmetry at all of the levels of theory studied (HF, MP2 and 
B3LYP). 
 The monohydrate complex, [Pb(NH3)4(H2O)]
2+
, was initially constrained to the 
highest possible C2v symmetry structure (four forms). The C2v #4 structure was found to 
be at the lowest energy minima (the most stable structure) at both the HF and B3LYP 
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levels of theory. However, the MP2 level of theory required desymmetrization of the C2v 
#4 structure. Subsequently, the C2v #4 structure was desymmetrized along the imaginary 
frequencies modes, A2 and B1, to structures of C2 and Cs symmetry, respectively, at the 
MP2 level of theory. In conclusion, [Pb(NH3)4(H2O)]
2+ 
was the most stable with C2v 
symmetry at the HF and B3LYP levels of theory, while MP2 calculations preferred a 
structure with C2 symmetry. 
 For the dihydrate, [Pb(NH3)4(H2O)2]
2+
, optimization with C2h symmetry was 
attempted first (two forms). The lowest energy C2h structure was further desymmetrized 
along the imaginary frequency modes, Au and Bu, to C2 and Cs structures respectively. 
The C2 structure was found to be at the lowest energy minima (the most stable) for 
[Pb(NH3)4 (H2O)2]
2+
 when optimized at the B3LYP level of theory. However, the C2 
structure contained imaginary frequency mode at the HF and MP2 levels and was 
subsequently desymmetrized to a Cs structures. Furthermore, the Cs structure was 
desymmetrized along the imaginary skeletal deformation mode, A”, to a C1 structure. In 
conclusion, [Pb(NH3)4 (H2O)2]
2+
 was found to be at the lowest energy minimum (the most 
stable) when optimized under C1 symmetry at the HF and MP2 levels of theory and C2 
symmetry at the B3LYP level of theory.  
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Figure 26: Optimized MP2 and B3LYP geometries for the stable complexes, 
[Pb(NH3)m(H2O)n]
2+
, where m = 4, n = 0 - (6-m). "*" indicates structures only stable at 
the MP2 level of theory, "
a
" indicates ones only stable at the B3LYP level. 
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 The anhydrous pentammine complex, was [Pb(NH3)5]
2+
, was investigated 
sequentially starting with the highest possible symmetry structure towards the lowest 
symmetry structure in following sequence: C3h (two forms), C3v (two forms), C3, Cs and 
C1. Desymmetrization was performed along the imaginary frequency modes obtained 
within the output. The lowest energy minimum structure for [Pb(NH3)5]
2+
 was 
characterized with C1 symmetry at all of the levels of theory investigated (HF, MP2 and 
B3LYP).  
For the monohydrate penatmmine complex, [Pb(NH3)5(H2O)]
2+
, optimization with 
Cs symmetry was attempted first (four forms). The lowest energy Cs structure was further 
desymmetrized along the imaginary skeletal deformation mode, A”, to a C1 structure. 
[Pb(NH3)5(H2O)]
2+
 optimized under C1 symmetry constraint was characterized by real 
frequencies indicating the lowest energy minimum for all of the levels of theory 
investigated. However, the stabilization of C1 symmetry structure appeared to be a result 
of secondary hydration, where hydrogen bonding occurred in acceptor fashion (oxygen 
from detached water molecule accepted hydrogen bonds from two adjacent attached 
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                                                            C1 
 
                                                          C1 
Figure 27: Optimized MP2 and B3LYP geometries for the stable complexes, 
[Pb(NH3)m(H2O)n]
2+
, where m = 5, n = 0 - (6-m).  
 
 
 The anhydrous hexamine, [Pb(NH3)6]
2+
, was initially constrained to the highest 
possible Cs symmetry structure (three forms). The lowest energy Cs structure was 
desymmetrized along skeletal deformation form, A”, to a C1 structure. The C1 structure 
was fully attached and characterized with all real (positive) frequency modes indicating 
the lowest energy structure. 
C1 
 
Figure 28: Optimized MP2 and B3LYP geometries for the stable complexes, 
[Pb(NH3)m(H2O)n]
2+
, where m = 6, n = 0 - (6-m).  
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6.2. Discussion 
 
 The primary step when testing the reliability of research data is to compare the 
obtained results to available experimental and/or computational literature results. As 
mentioned, no such literature data (experimental nor computational) is available for 
amminelead (II) complexes. Hence, the discussion here is limited to a comparison of 
molecular geometries as well as bond lengths and stretching vibrational frequency trends 
for the amminelead (II) complexes we calculated. Again, this thesis offers the very first 
catalogue of systematically predicted amminelead (II) complexes, as well as their 
corresponding optimized molecular geometries (bond lengths and stretching vibrational 
frequencies). 
 A careful investigation of the lowest energy minima structures of the amminelead 
(II) complexes presented in Figures 23-28, shows that the orientation of the ligands 
around the central atom is largely affected and governed by the stereo active repulsion of 
the Pb (II) lone pair (6s
2
). The Pb lone pair–ligand repulsion predominates over the 
ligand-ligand electrostatic repulsion resulting in an uneven distribution (hemi-directed 
conformation) of the attached ligands around the central atom (Pb (II)). Both types of 
ligand, ammonia (NH3) and water (H2O) are neutral, thus dissociation of the ligands is not 
as prevalent as it would otherwise be if one of the ligands was charged. It is also evident 
that hydration of ammine lead (II) complexes decreases the coordination number of the 
stable complexes formed. For example, the monoammine lead (II) complex was found to 
have a maximum coordination number of five, with the resulting structure 
[Pb(NH3)(H2O)4]
2+
, and not six as expected for all of the levels of theory investigated. 
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One more interesting observation is that the maximum coordination number of the 
hydrated diammine and triamminelead (II) complexes is dependent on the level of 
calculation investigated. The HF and MP2 levels of theory predict a maximum 
coordination number, hexa-coordinate species, for both diammine and triamminelead (II) 
complexes, while the B3LYP levels of calculations prefers the highest coordination 





, respectively.  
 Plots were created for the Pb-N and Pb-O bond lengths and vibrational stretching 
frequencies at the HF, MP2 and B3LYP levels of theory and are presented in Figures 29, 
30 and 31, respectively. These plots show a trends in the bond lengths, in the 
corresponding vibrational stretching frequencies, as the number of ligands, either 
ammonia or water, are increased. As more water molecules are added to a central Pb (II) 
metal cation, elongation of both the Pb-O and the Pb-N bond lengths are observed. This 
elongation of the bond lengths can be attributed to the increased electrostatic repulsion 
between the ligands. The Pb-N and the Pb-O vibrational stretching frequency plots 
display the opposite trend from the Pb-N and Pb-O bond length plots. That is, as the 
number of ammonia or water ligands is increased, the vibrational stretching frequencies 
associated with a given ligand are decreased. Such a trend can be attributed to the fact 
that less energy is required for longer bonds to vibrate. 
 No experimental Raman data was found to compare with our simulated polarized 
Raman plots, which are resented in Figure 6A.1 of the Supplementary Material section. 
Simulated polarized Raman spectra are computationally generated from the vibrational 
frequency data obtained at the HF/6-311+G*/SDD level of theory. These simulated 
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polarized Raman plots will be a valuable reference tool for Dr. Tremaine’s lab team at the 
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Figure 29: Pb-N (full line) and Pb-O (dashed line) bond lengths (above) and 
vibrational stretching frequencies (below) for [Pb(NH3)m(H2O)n]
2+
, where m = 1 - 6 and n 
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Figure 30: Pb-N (full line) and Pb-O (dashed line) bond lengths (above) and 
vibrational stretching frequencies (below) for [Pb(NH3)m(H2O)n]
2+
, where m = 1 – 6 and n 
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Figure 31: Pb-N (full line) and Pb-O (dashed line) bond lengths (above) and 
vibrational stretching frequencies (below) for [Pb(NH3)m(H2O)n]
2+
, where m =1 - 6 and n 
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 The aim of this research project was to systematically predict all possible 
corrosion products of lead (II) that might be formed within the CANDU GEN IV 
Supercritical Water-Cooled Reactor (SCWR) given all of the combinations of ligands that 





), ammonia (NH3) and water (H2O)). The ultimate goal of 
this research was to contribute to the development of a water control strategy that would 
limit or eliminate corrosion associated with the extreme supercritical working conditions 
of this Gen IV nuclear reactor. 
 These predications of lead (II) complexes, including their molecular geometries, 
total energies and vibrational stretching frequencies, were obtained from ab initio 
computational chemistry calculations. All calculations were performed using Gaussian03 
software as implemented through ACEnet (Atlantic Computational Excellence Network). 
Simulated Raman Spectra obtained in this research will complement experimental Raman 
research to be completed by our colleagues at the University of Guelph in Ontario. 
Simulated Raman Spectra obtained in this research will complement experimental Raman 
research spectra obtained in this thesis, coupled to the experimental research spectra, will 
allow the best possible predictions for corrosive lead (II) complexes to be made. 
 To prepare a list of the most likely corrosion candidates, each set of lead (II) 
complexes investigated in this research will be critiqued. 
 
 
  157 
7.2 Aqualead(II) 
 
The highest stable coordination number determined for the aqualead(II) complex 









 resulted in 
dissociation of water ligands, how many depending on the level of the theory being 
investigated. Due to the lack of experimental literature data, the predicted aqualead(II) 
species in this thesis could only be compared to previous computational studies. Both, 
Wander et al.
21 
and Juan et al.
76 
determined the most stable aqualead(II) complexes as 
[Pb(H2O)6-8]
2+
. Consequently, it can be concluded that the most likely structure to be 
involved in a corrosion product inside the SCWR would be octahydrated species, 
[Pb(H2O)8]
2+
. However, aqualead(II) complexes have 2+ oxidation number and will need 
to be combined with a negatively charged anion(s) in order to form an overall neutral 
complex that will deposit within the super critical water (SCW) environment. 
7.3 Chlorolead(II) 
 
 Chloride could possibly leak from the condenser to the SCWR environment 
forming corrosion products with the surrounding metal ions. In this work, stable 
structures were identified for each and every anhydrous (II) complex studied. The 
stabilities of the hydrated chlorolead(II) complexes decreased as the number of chloride 
ligands increased. The hydrated monochlorolead(II) complexes were found to be stable 
up to and including penta-coordinate species. The hydrated dichlorolead(II) complexes 
were found to be stable up to and including tetra-coordinate species, [PbCl2(H2O)2]. The 
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optimized geometries obtained for the anhydrous dichloro complex, [PbCl2], were in 
close agreement with those from a computational study performed by Freza et al.
89
 
Furthermore, no stable structures were identified for either trichlorolead(II) or 
tetrachlorolead(II) complexes when water ligands were added. Chlorolead(II) complexes 
with positive or negative charge can form deposits within the SCWR environment only 
when combined with other ions to give neutral complexes. Corrosive deposition requires 
electronically neutral species; hence, neutral complexes such as PbCl2 and its stable 
hydration complexes are preferred (up to and including [PbCl2(H2O)2]). 
7.4 Hydroxolead(II) 
 
 Hydroxolead(II) complexes are similar to the chlorolead(II) complexes, because 
the ligands in both (hydroxide and chloride) have overall a single negative charge. Stable 
structures were found for the anhydrous hydroxide complexes up to and including the 
trihydroxo complex [Pb(OH)3]
-
. The anhydrous tetrahydroxo complex was unstable due 
to dissociation of one hydroxide (OH
-
) ligand. In general, the hydrated hydroxylead(II) 
complexes showed high instability as the number of hydroxide (OH
-
) and water ligands 
were increased. The hydrated monohydroxylead (II) complexes ware stable up to and 
including the penta-coordinate species, [Pb(OH)(H2O)4]
+
. The dihydrate, 
[Pb(OH)2(H2O)2], was the highest stable hydrated dihydroxolead(II) complex identified. 
No stable structures were found for the hydrated trihydroxylead(II) complexes nor for the 
tetrahydroxylead(II) complexes. For hydroxylead(II) species to be involved in deposition 
on pipes and valves of the SCW nuclear reactor, neutral complexes must be formed, thus 
 
  159 
making [Pb(OH)2] and its hydrated complexes the best candidates. No experimental or 
computational studies were available for comparison purposes.  
7.5 Amminelead(II) 
 
The ammonia ligand is neutral, thus making the overall amminelead(II) complex 
positively charged (2+). Ammine ligands (-NH3) should be considered when predicting 
possible corrosion products since ammonia may be introduced to the SCWR environment 
during pH adjustment. Stable anhydrous amminelead(II) complexes were found, up to 
and including the hexaamminespecies, [Pb(NH3)6]
2+
. The highest stable hydrated 
monoamminelead(II) species was determined to be the penta-coordinate species, 
[Pb(NH3)(H2O)4]
2+





 was found to be unstable, with 
one water ligand dissociating at all of the levels of theory investigated. Both the tri- and 





, respectively). The 
anhydrous pentammine complex, [Pb(NH3)5]
2+ 
was found to be stable, while the 
monohydrated pentammine complex, [Pb(NH3)5(H2O)]
2+
, was unstable. Thus suggesting 
that hydration of pentammine species results in destabilization. The hexamine complex, 
[Pb(NH3)6]
2+ 
was found to be stable at all levels of theory invesigated. Unfortunately, 
neither experimental nor computational literature data on amminelead (II) complexes was 
available so no comparisons were possible. Once again, for corrosion products to be 
deposited within the SCWR environment, neutral complexes must be formed. Hence, the 
stable amminelead(II) cations predicted in this thesis are expected to form neutral 
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complexes by combining with some other small anionic species within the SCWR 
environment (perhaps the chloride ion). 
7.6 Future work 
 
 Comprehensive ab initio calculations of lead (II) complexes involving four 
different ligands (water, chloride, hydroxide and ammonia) have been performed and are 
reported in this thesis. The research can be taken further by computationally probing the 
lead(II) complexes with mixed ligands. Suggested complexes for further investigation 
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